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ABSTRACT 
Plasticization has been investigated with respect to the 
physico-mechanical properties and the tab letting performance of the 
polymeric tablet binders HPMC, PVP and Starch 1500. 
Thermodynamic criteria for polymer-solvent miscibility have been 
evaluated in the screening of plasticizers. Estimations of polymer-
plasticizer miscibility using solubility parameters and Flory and 
Huggins interaction parameters show good correlation with solid-state 
compatibility limits. Limitations to the theoretical approach are 
discussed. PEG 200 is identified as the optimum plasticizer for both 
PVP and HPMC from the range of PEGs and glycol monomers 
evaluated. The crystallinity of Starch 1500 suggests that its 
plasticization might be unattainable. 
Mechanical properties of PVP, HPMC and Starch 1500 films have been 
characterised by tensile stress-strain relationships. The 
incorporation of some potential plasticizers, or the sorption of 
moisture, yields weaker but more ductile films. These changes are 
consistent with a plasticizer activity. 
The influence of moisture sorption and plasticization on the creep 
compliance of polymeric binder films has been studied by 
microindentation. The development of a computer interface for data 
capture and manipulation has enabled rapid and accurate quantification 
of important viscoelastic properties. 
The role of binder plasticity in the tablettability of materials has 
been investigated using dicalcium phosphate and paracetamol granulates 
prepared by wet-massing. In the case of dicalcium phosphate, tablet 
tensile strength is correlated with binder tensile strength. 
Consequently, increasing binder plasticity results in weaker tablets. 
In contrast, the tensile strength and capping pressure of paracetamol 
tablets is initially increased with increasing binder plasticity. An 
optimum level of binder plasticity exists, however, above which tablet 
strength falls. For both substrates, increasing binder plasticity 
reduces tablet friability. 
The influence of binder plasticity on granule deformation during 
compression has been studied using an instrumented press. It is 
deduced from Heckel plots that the consolidation of binder-massed 
granulates is related to binder plasticity. This is a physico-
mechanical phenomenon which is independent of binder type or substrate 
material. 
The relationship between binder plasticity and granular plasticity has 
been confirmed by stress-relaxation studies. Correlation of tablet 
capping tendency with plasto-elasticity indices indicates that ductile 
binder flow, during elastic strain recovery, is more important than 
elastic strain reduction in eliminating capping. A model has been 
proposed to relate binder mechanical properties to the strength, 
friability and capping tendency of tablets. 
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CHAPTER ONE 
INTRODUCTION 
CHAPTER ONE 
INTRODUCTION 
1.1 Preamble 
The concept of the modern pharmaceutical tablet has its origins in 
1843 when Thomas Brockedon was granted a patent for the manufacture of 
pills and lozenges by compaction in a die. Since then, the compressed 
tablet has grown in popularity and is now recognised as the most 
commonly utilised dosage form. The success of the tablet arises from 
the unique combination of benefits that it offers both to the patient 
and the pharmaceutical manufacturer. To the patient, it provides a 
compact and accurate unit dose in a palatable and easily administered 
form. To the manufacturer it affords a presentation that is uniform in 
content, is physically, chemically and microbiologically stable for 
prolonged periods of storage and is relatively inexpensive to 
manufacture and process. 
The requirement for physical coherence in a compressed tablet is 
important for aesthetic and practical reasons. Nutter Smith (1949) 
discussed the need for meaningful and reproducable methods for the 
assessment of a tablet's resistance to "wear and tear". Flaws in the 
tablet may detract from the quality and appearence of the tablet and 
may affect the dose delivered. 
efficiency of operations such 
Additionally, the success and 
as tablet coating, packaging, 
transportation and ultimately dispensing, all depend on the initial 
production of a suitably robust and durable tablet. 
Where the active component is a low dose drug, tabletting problems can 
largely be avoided by the use of readily compressible diluents. Where 
the active component is a high dose drug comprising the largest 
proportion of the tablet problems are more likely, however, especially 
if the drug is refractory with respect to its compression properties. 
In such cases, the use of sufficent quantity of a compressible diluent 
may be precluded on the grounds of size. It may then be necessary to 
modify the compression behaviour of the bulk drug by the inclusion, by 
granulation if necessary, of a suitable binding agent. 
It has long been appreciated that the ease with which a material will 
form a tablet (and the sUbsequent mechanical properties of the tablet) 
is a function of the way in which the material deforms in response to 
compressive stress. In this chapter a brief outline of the nature of 
material deformation is given. The literature reveals that a number 
of procedures have been used to assess aspects of material behaviour 
during the compaction process (see, for example, Krycer et al., 
1982a; Marshall, 1989». The contribution of these techniques to an 
understanding of the role of deformation in the formation of coherent 
tablets, and the manner in which binders 
deformation, is reviewed. 
1.2 The Deformation of Materials 
may influence the 
When investigating physical and mechanical properties of elastic 
solids or viscous liquids, it is frequently found that deviations 
occur from the classical theories of elasticity or hydrodynamics. 
Deviations are of two kinds. Firstly, stress anomalies arise when the 
strain in a solid or the rate of strain in a liquid are not directly 
proportional to the applied stress but instead depend on the stress in 
a more complex manner. Secondly, time anomalies occur when the 
resultant stress depends not only on strain but also on the rate of 
strain; the obse~ved deformation behaviour is both liquid-like and 
solid-like and is therefore termed viscoelasticity. stress and time 
anomalies may co-exist but in the absence of the former the behaviour 
is said to be linear viscoelasticity. This implies that the ratio of 
stress to strain is a function of time alone and in independent of 
stress magnitude. Linear viscoelastic behaviour applies, therefore, 
to cases where the elastic contribution is Hookean and the viscous 
contibution is Newtonian. To understand viscoelasticity it is 
necessary first to consider the extreme examples of this behaviour 
exhibited by an elastic solid and a viscous fluid respectively. 
1.2.1 Elastic Behavior 
An ideal elastic material, which recovers its original strain after 
removal of an applied stress, obeys Hooke's law. This states that the 
stress (~) is proportional to the linear strain (E): 
Ij = G.E ( 1.1) 
where (G) is a constant of proportionality, effectively a measure of 
stiffness or rigidity, known as the elastic modulus or Young's 
Modulus. The implicit conditions of the above equation define elastic 
behaviour. Firstly, the strain in response to applied stress has an 
equilibrium value which is completely recoverable; secondly, 
deformation is ideally instantaneous, i.e. independent of time and 
lastly, the relationship of strain to stress is linear. 
Both stress anomalies and time anomalies result in deviations from the 
simplest case of Hookean elasticity giving rise to other modes of 
deformation. Norwick and Berry (1972) have classified several types 
of mechanical behaviour according to the conditions obeyed by the 
stress-strain relationship (Table 1.1). 
Table 1.1 Types of Mechanical Behaviour Classified According to the 
Conditions Obeyed by the Stress-Strain Relationship. 
After Norwick and Berry (1972) 
CONDITION Unique Equilibrium Complete Instant 
Relationship 
(Complete Recovery) 
Ideal Elasticity YES 
Non-linear El asti ci ty YES 
Instantaneous Plasticity NO 
Anelasticity YES 
Linear Viscoela5ticity NO 
Response 
YES 
YES 
YES 
NO 
NO 
Linearity 
YES 
NO 
NO 
YES 
YES 
A simple metal spring exhibits typical Hookean behaviour and is often 
used as a mechanical model of ideal elastic behaviour. The 
stress-time and strain-time r~lationships are illustrated by Fig. 1.1. 
Fi gure 1. 1 The Hookean Spring 
a 
b 
c 
a 
, 
Mechanical Model 
Stress vs. Time 
Strain vs. Time 
b 
Stress I 
I 
c 
Strain 
1.2.2 Viscous Behaviour 
Time T 
T 
Time 
Application of a constant stress to a Newtonian viscous fluid results 
in a linear increase in strain with time until the stress is removed. 
The deformation is permanent and the original strain is not recovered. 
The strain-time relationship is characterised by the gradient of the 
stress versus strain-rate plot, i.e. 
fT/E' ( 1. 2) 
where (E') is the rate of change of strain (the first differential of 
strain with respect to time and (1) is the Newtonian viscosity of 
the fluid. Newtonian viscous behaviour can be conveniently modelled 
by a piston and dashpot arrangement in which the dashpot cylinder is 
filled with a Newtonian fluid. Figure 1.2 illustrates the deformation 
characteristics of such a material. 
Figure L2 The Newtonian Dashpot 
b 
a Stress 
L1 ... Time " c 
i 
~ Strain d ... " Time 
d.Strain 
d.Time 
... 
Time " 
a Mechanical Model 
b Stress vs. Time 
c Strain vs. Time 
d Rate of Change of Strain vs. Time 
1.2.3 Real Materials 
For most materials the observed mechanical properties can only be 
described by a two-component system in which an ideal elastic phase is 
combined with an ideal viscous phase. In practice most materials 
show, to some extent, both elastic and viscous characteristics (Davis, 
1974., Lockett, 1972). Consequently, viscoelastic behaviour covers 
mechanical properties from ideal elasticity to ideal Newtonian 
behaviour. 
1.2.4 Mechanical Models of Linear Viscoelasticity 
Mechanical models can be used to represent the properties of a 
viscoelastic material. The simplest of these use a Hookean spring 
combined either in series or in parallel with a Newtonian dashpot. 
These are the Maxwell and Voigt models respectively. Their properties 
have been reviewed extensively (see, for example, Costello and Goyan, 
1964; Barry, 1974) and wil I be considered briefly here. 
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1.2.4.1 The Maxwel 1 Model 
The Maxwell model, shown in Fig. 1.3, consists of a Hookean spring in 
series with a Newtonian viscous dashpot. The strain response with 
time to an applied stress reflects both viscous and elastic 
contributions to the resultant deformation. On application of the 
stress there is an instantaneous increase in strain associated with 
the deformation of the spring. This is followed by a linear increase 
in strain due to the movement of the piston of the Newtonian dashpot. 
On removal of the stress the elastic strain alone is recovered. 
Under an applied external force the stress in the spring is equal to 
that in the dashpot. The total strain (E) in the Maxwell model is the 
sum of the strains in the spring (Es) and in the dashpot (Eo): 
E = Es + ED (1. 3) 
By convention viscoelastic deformations are studied by calculating the 
compliance (3) defined as the strain divided by the applied stress 
rather than strain itself. This has the advantage of allowing the 
comparison of data obtained under different stress conditions. 
Figure 1.3 
a 
a 
b 
c 
The Maxwell Model 
Mechanical Model 
Stress vs. Time 
Strain vs. Time 
b 
Stress 
c 
Strain 
Page 6 
Time ~ 
IL 
Time 
If the Maxwell model is maintained under conditions of constant strain 
the inital stress in the Hookean spring will be reduced by a viscous 
deformation in the dashpot until the stress decays to zero. This 
phenomena is termed stress relaxation. Measurement of stress 
relaxation, therefore, provides a quantitative measurement of the 
ability of a material to undergo plastic, non-recoverable deformation. 
1.2.4.2 The Voigt Model 
The Voigt model <also described as the Kelvin model) shown in Fig. 
1.4, consists of a Hookean spring in parallel with a Newtonian 
dashpot. This provides a mechanical analogy for a material in which 
the response to an applied stress is not instantaneous but is retarded 
by viscous resistance. Removal of the stress results in a similarly 
retarded, but total, recovery of the strain. The Voigt model 
therefore exhibits the properties of creep and creep recovery. 
Figure 1.4 The Voigt Model 
a b 
I 
stress I 
I 
Time " 
c 
strain ~ 
.... " Time , 
a Mechanical Model 
b Stress vs Time 
c Strain vs. Time 
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The change in strain with time is exponential and the greater the 
apparent viscosity of the Newtonian dashpot the greater will be the 
retarda ti on. In the Voigt model, on application of an external force, 
the strain at any time (t) in the spring is equal to that in the 
dashpot and the total stress (UT) is the sum of the stresses in the 
spring (iTs) and in the dashpot CUD): 
i]' T = G. E (t) + ~E' (t) (1. 4) 
The Voigt model is capable of dissipating energy, a phenomenon known 
as internal friction. This parameter has dimensions of viscosity and 
may be regarded as the apparent viscosity (1) of the Newtonian 
dashpot. G is the rigidity modulus of the Hookean spring. Unlike the 
Maxwell model, the Voigt model is incapable of stress relaxation. The 
quantity U?)/G is the retardation time (,.) for the unit, that is the 
time required for strain to relax to lie of its initial value on 
removal of the stress. The retardation time is short and strain 
recovery is rapid where the internal friction is small compared with 
the rigidity modulus. 
In a real material there exists a number of molecular interactions 
resulting in more than one retardation time. The viscoelastic 
behaviour of such materials can be represented by the generalised 
Voigt model consisting of n Voigt units in series, where n is the 
number of discrete retardation times. For a viscoelastic solid 
exhibiting limited recoverable flow the generalised Voigt model 
appl ies. 
If equation 1.4 is rearranged to include the retardation time, then 
integration without limits for the ith. element gives equation 1.5. 
(1. 5) 
when time t = 0, strain Ei = ° then kl = -lnCO"I/J 1 and 
(1. 6) 
Thus, the strain in the ith element is: 
Page 8 
(1. 7l 
In terms of compliance then: 
(1. 8) 
The total strain E(t) in the generalised Voigt model is the sum of the 
strains in the individual elements, and thus compliances in series are 
additive. For the case of n Voigt units in series: 
n 
J(t) =""' J 1 [1 - expC-tlTI)] 
i=l 
1.2.4.3 Generalised Linear Viscoelasticity 
(1. 9) 
By combining a Maxwell model in series with one or more Voigt units 
(Fig. 1.5) a generalised model for linear viscoelastic behaviour is 
obtained. The strain response with time under an applied stress is 
represented by a plot of compliance J(t) against time t and is termed 
a creep curve. A typical curve can be rationalised into three 
distinct regions. The instantaneous response and the late linear 
region can be represented, respectively, by the Hookean spring and the 
Newtonian dashpot of the Maxwell model. The intermediate curved zone 
can be modelled by the retarded elastic Voigt unit. An equation for 
the overal I compliance at any time can be derived to include the 
contribution trom each region: 
n 
J(t> = J o 1" 1: J 1 [1 - exp(-tlT\)] + tI?o 
i=l 
(1.10) 
where (J o ) is the instantaneous creep campi iance and (170) is the 
appparent Newtonian viscosity of the late linear region. Complex 
viscoeiastic behaviour may require more than one Voigt unit to 
accurately model the observed properties. The middle term of equation 
(1.10) will then be a summation of the contributions due to each 
discrete Voigt unit. 
Page 9 
Figure 1.5 The Generalised Model for Linear Vlscoelastlcity 
a 
a Mechanical 
b Stress vs. 
c Strain vs. 
Model 
Time 
Time 
b 
Stress 
C 
Strain 
A Time 
Time 
A necessary characteristic of a linear viscoelastic material is that 
it obeys the Boltzmann superposition principle. Briefly, this states 
that if a material is subjected to a series of stresses, the total 
strain observed will be a linear superposition of the strain 
contribution for each stress over the elapsed time of stress 
application. The validity of this principle for polymeric systems has 
generally been assumed (Ferry, 1961). 
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1.3 Evaluation of Material Behaviour during the Compression Process 
Bonding between materials subjected to dry compaction may occur as a 
result of plastic deformation, brittle failure, physical interlocking 
and also molecular diffusion, sintering or asperity melting. The 
process of consolidation and compact formation for a compressed powder 
is complex since one or more mechanisms may be involved, either 
simultaneously or sequentially. 
recoverable deformation may be 
The two extreme types of non-
distinguised as brittle failure or 
plasticity. Additionally, some strain may be recovered on removal of 
the compressive stress, either as instantaneous (ideal) elasticity or 
as time-dependent viscoelasticity. Elastic strain recovery may result 
in a de-bonding effect. The properties of a formed compact are not, 
therefore, uniquely dependent on a single mode of deformation but are 
a result of the relative contributions of both bonding and de-bonding 
processes. The dominant mechanism of deformation· during compression 
may also depend on factors such the temperature (Britten and Pilpel, 
1978) and punch strain rate or velocity (Roberts and Rowe, 1985, 
1986a and 1986b; Armstrong, 1990). Binding agents incorporated into a 
powder by wet-massed granulation may modify the relative amounts of 
each type of deformation during compression. 
A number of techniques have been used to characterise modes of 
deformation and to investigate the influence of inclusion of a binding 
agent. The potential for modern instrumental methods of compression 
analysis have been extensively reviewed (Marshall, 1989; Celik and 
Marshall, 1989; Doelker, 1989). 
1.3.1 Brittle Failure and Brittle Fracture Propensity 
Brittle failure is exhibited by materials which break only under a 
supra-elastic stress and is characterised by the rapid propagation of 
a crack under an applied stress. Griffith (1920) assumed the presence 
of sub-microscopic cracks in a material, which concentrate the applied 
stress at their tips. He suggested that, for crack propagation to 
occur, the release of stored elastic strain energy must be greater 
than the surface energy of the material (defined as the energy 
required to create a new surface of unit area). 
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Hardman and Lilley (1970) and Hersey et al. (1973) reported that 
lactose, dicalcium phosphate dihydrate and sucrose were fragmented 
during the compression process. Hiestand et al. (1977) proposed the 
concept of a Brittle Fracture Propensity (BFP) to quantify the 
tendency of materials to laminate during ejection. The method 
involved determining the tensile strength of compacts prepared both 
with and without a stress-concentrating flaw (a hole passing axially 
through the centre of the compact). BFP was then defined by: 
BFP = O. 5 ([ I1T /I1T 0 ] -1 ) (1.11) 
where I1TO and I1T were the tensile strengths of the unflawed and flawed 
compacts repectively. 
A low BFP index indicates the ability of a material to relieve 
localised stresses by plastic flow. A high value for the BFP index 
(tending to unity) indicates a brittle material, unable to relieve 
stress by plastic flow and with a resultant tendency to laminate. 
Experimental results were reported for a range of materials. Those 
known to induce capping (methenamine, erythromycin base and ibuprofen) 
exhibited large values for BFP whereas relatively plastic materials 
(pregelatinised starch, spray-dried lactose and 
cellulose) had low values for BFP. 
microcrystalline 
Roberts and Rowe (1986a) used a compaction simulator to evaluate BFP 
for "tablet-sized" cylindrical compacts of microcrystalline cellulose, 
Tablettose (a spray-dried lactose) and heavy magnesium carbonate. The 
results obtained were in good agreement with those of the earlier 
workers. An interesting feature of the results of Roberts and Rowe 
(1986a), was the increase in BFP as the upper punch velocity was 
increased from 3.33mm S-1 to 200mm S-I, particularly for brittle 
materials such as Tablettose (a spray-dried lactose) and heavy 
magnesium carbonate. They considered that this may be due to an 
increase in the modulus of the compact. They concluded that strain 
rate sensitivity might provide an indication of the stress relieving 
ability of materials, particularly since there was little change in 
BFP with punch velOCity for relatively plastiC materials like 
microcrystalline cellulose. Rees (1980) had emphasised that the 
strength of a perfectly elastic-brittle particle shows no rate 
Page 12 
dependence in contrast to a viscoeiastic particle capable of plastic 
flow. Roberts and Rowe (1985, 1986) observed that consolidation of 
materials, such as in organic minerals, deforming by brittle fracture 
was independent of strain rate. The consolidation of more plastic 
materials, such as Avicel PH 101, maize starch and sodium chloride, 
was highly strain rate dependent, however. 
Church and Kennerley (1984) used a four-point bending test to 
characterise mechanical properties of preformed compacts for a number 
of direct compression excipients. The stress-strain curves they 
obtained showed that brittle behaviour ocurred irrespective of whether 
the material consolidated by plastic flow or fragmentation. Both the 
mean tensile fracture stress and the modulus of elasticity were 
dependent on the bonds formed during compaction, and increased with 
greater consolidation. As it was unlikely that compaction would 
affect the stiffness of the primary particles, they suggested that the 
modulus of elasticity for a compacted material was a function of the 
stiffness of the material and the extent of inter-particuiate bonding. 
1.3.2 Densification and Pressure-Volume Relationship 
During the tabletting cycle a compressive stress is applied to a 
loosely packed powder or granule bed resulting in volume reduction and 
densification of the bed. Several mechanisms of densirication may 
operate concurrently and thererore no simple model exists to relate 
volume reduction and densification to the applied load. Train (1956. 
1957) investigated the etfect of compressive pressure on the relative 
volume of magnesium carbonate. He proposed that consolidation 
proceeded via four sequential and distinct stages, i.e initial 
particle rearrangement, frictional resistance to further 
r-earrangement, plastic flow and/or crushing of particles and rebonding 
of particles. Train did not consider the possibility of elastic 
deformation in the formed compact itself. 
The tr~nsmission of force through a powder bed is complex so thac 
different pressures and densities may be detected at different 
positions (Train, 1957). Anomalies of force transmission may arise 
from the nature of the equipment used and due to the mobilisation of 
wall effects (Shaxby and Evans, 1923). Despite this, several useful 
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empirical relationships have been derived relating bed density or 
porosity to the applied compressive stress including those of Walker, 
1923; Balshin, 1938; Cooper and Eaton, 1962 and Heckel 1961a,b. 
1.3.2.1 The Heckel Eguation 
The equation proposed by Heckel (1961a,b) has found wide application 
in the study of the consolidation of pharmaceutical powder blends. He 
considered that the reduction of porosity with applied pressure was 
analogous to a first-order reaction, in which pores were considered as 
the reactant and the compact as the product. Expressed 
mathematically: 
In (1 I 1 - D) = KH P + AM (1.12) 
where (D) is the relative density of the compact at any applied 
pressure CPl. The constants KH and AM are determined from the slope 
and intercept respectively of the linear portion of a plot of 
In (1/1-D) against P. The intercept AH defines two parameters. 
Firstly, the relative density of the material at zero pressure, 
expressed as In (l-l/Do ), where Do is the relative density of the 
loose packed powder bed. Secondly, densification by movement and 
rearrangement of individual particles at low pressures before the 
occurence of significant interparticulate bonding. This may be 
represented by BH so that AM = In (1 I 1-Do ) + BH. The relative 
density contributions of the above equations are given by DA = Do + De 
and DA is obtained from AH = In (1 I l-DA ). DB, which represents 
the density contribution from movement and rearrangment of discrete 
particles may be calculated where Do is known from experimentation. 
The derivation of Heckel parameters is shown in Fig. 1.6. 
KM, the slope, was considered to be an index of the ability of the 
compact to deform plastically and has been related to the yield 
strength (Y) of the material by the expression: 
KH = 113 Y CHeckel, 1961b) (1.13) 
Hersey and Rees (1970) defined a yield pressure (P v ) as the reciprocal 
of KM' 
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Figure 1.6 Derivation of Heckel Parameters 
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The value of the Heckel relationship lies in the fact that information 
may be gained both about the mechanisms of consolidation and about the 
apparent yield pressure of the materials examined. Hersey and Rees 
(1970, 1971) used the Heckel equation to investigate the consolidation 
of diffetent particle size fractions of sodium chloride and lactose 
powders. Heckel plots were shown to be sufficiently sensitive to 
differentiate consolidation by plastic flow in sodium chloride and 
brittle failure in lactose. Two forms of the Heckel plot were 
subsequently proposed (Fig.1.7). Type plots are obtained for 
different particle size fractions of a material which consolidates 
primarily by plastic flow. Variation in the initial bed density 
results in different final bed densities at equivalent applied 
pressures. Type II behaviour is shown for materials consolidating by 
particle fragmentation. Particle size dependence of the form of the 
Heckel plot occurs at low pressures only. Above a certain pressure a 
single relationship exists which is independent of the initial 
particle size and bed density. This is due to progressive 
fragmentation and subsequent consolidation at high pressures by 
plastic flow. 
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York and Pilpel (1973), in a study of the compression of some fatty 
acids, demonstrated the existance of another form of the Heckel plot 
(Fig. 1.8), The linearity of the plot at low pressures was 
considered to be due to the absence of an initial particulate 
rearrangement stage. Densification was attributed 
deformation and possibly asperity melting. 
Figure 1.8 The Type I11 Form of the Heckel Plot 
(after York and Pilpel, 1973) 
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1.3.2.2 Applications of Pressure-Volume Relationships 
Qualitative agreement between the Heckel approach to consolidation 
data and the Cooper and Eaton approach has been shown both for the 
compression behaviour of simple pharmaceutical powders (Chowan and 
Chow, 1980) and granulates prepared with different binders (Chowan and 
Chow, 1981a). Malamataris and Pilpel (1983) had concluded that the 
Cooper and Eaton equation was insufficiently sensitive to discriminate 
between different consolidation mechanisms during powder compression. 
Kurup and Pilpel (1978) found that the Heckel equation was more 
discriminating in the evaluation of the effects of excipients on the 
consolidation of griseofulvin/excipient blends. Similarly, Armstrong 
and Morton (1979) concluded that the Cooper and Eaton equation was of 
little value in differentiating the compression behaviour of magnesium 
carbonate granulated with different binding agents. 
Nelson et al., (1957), investigating the influence of binder type and 
concentration on the compressibility of sulphathiazole granulates, 
showed that increasing binder concentration resulted in a reduced 
compact volume for equal applied pressure. Several workers have 
reported a decrease in yield pressure, evidenced by an increase in 
slope for the linear portion of the Heckel plot, as the binder 
concentration in a formulation was increased (Kurup and Pilpel, 1978; 
Armstong and Morton, 1979; Jarosz and Parrott, 1982). In contrast, 
Esezobo and Pilpel (1977a) reported an increase in yield pressure for 
oxytetracycline granulates with increasing gelatin content, indicating 
an increased resistance to deformation. 
Several workers have used parameters derived from the Heckel plot to 
investigate the effect of binder type on granule compressibility. 
Chowan and Chow (1981a) studied the effect of five binders on the 
compression behaviour of a model drug/lactose granulate. The Heckel 
plots indicated that among the binders studied, the sucrose granulate 
was the most readily compressible and the pregelatinised starch 
granulate was relatively less readily compressible. Plots obtained, 
however, deviated from ideal Heckel behaviour and exhibited a biphasic 
linearity. This was attributed to free moisture in the granulates 
which would constitute hydrodynamic resistance to consolidation at 
high compaction pressures whilst acting as a lubricant between the 
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die, punches and the compact. Armstrong and Morton (1979) 
demonstrated that the decrease in yield pressure with increased binder 
level was dependent on the type of binder. With magnesium carbonate 
granulates, they reported little increase in plasticity as the 
concentration of wheat starch or PVP was raised from 2%w/w to 4%w/w. 
In contrast, increasing the concentration of PEG 4000 or acacia 
significantly increased granule plastiCity. Cutt (1983), using glass 
ballotini as a model non-plastic substrate, confirmed that increased 
polymeric binder concentration conferred increased granule plasticity 
and compressibility. 
Several studies (Chowan and Chow, 1981b; Cutt, 1983; Reading and 
Spring, 1984a) have demonstrated that effect of polymeric binders on 
consolidation is dependent on their moisture content. Chowan and Chow 
(1981b) suggested that, at lower compaction pressures, higher 
moisture-containing granules were more compressible than lower 
mOisture-containing granules. At higher compaction pressures, the 
reverse appeared to be true, due to the incompressibility of free 
water. The Heckel plots, therefore, exhibited a biphasic linearity. 
Similar results have been reported for the consolidation of milled 
polymeric binder films (Reading and Spring, 1983) and for the 
consolidation of binders used as received (Cutt, 1983). Reading and 
Spring (1983) concluded that, for hydrophilic polymeric binders, 
moisture may act as a plasticizer at low pressures and a5 an 
incompressible lubricant at higher pressures. In contrast, Cutt 
(1983) did not observe biphasic linearity for glass ballotini 
granulates compressed with binders of different moisture contents. 
Increased moisture contents did, however, increase the plasticity and 
compressibility of the granules, the magnitude of the effect being 
dependent on the relative hygroscopicity of the binders. 
The use of Heckel plots for the evaluation of tablet binder 
performance may lead to erroneous conclusions unless other factors, 
Le. moisture content, contact time (Rees and Rue, 1978) or 
strain-rate sensitivity (Celik, 1984; Roberts and Rowe, 1985, 1986b) 
are also considered. 
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-~.3.3 Stress-Relaxation 
Stress-relaxation, pioneered as a tool for tabletting studies by 
Shlanta and Milosovich (1964), has been used to evaluate plastic flow 
during the compression process. The technique involves subjecting the 
test material to a sudden (ideally instananeous) compressive stress. 
The strain is held constant while any resulting decay in axial stress 
is monitored with time. Cole et aI., (1975) monitored stress decay 
under load for sodium chloride and potassium chloride and were able to 
demonstrate the occurence of post-compression plastic flow. David and 
Augstberger (1977) used a stress-relaxation technique to study the 
extent of plastic flow in a number of direct compression bases. For 
materials which were found to deform plastically, an interdependence 
between the mechanical strength of the tablets formed and the degree 
of plastic flow was shown. The importance of contact time in 
determining the strength of tablets formed from plastically flowing 
materials was shown. 
One disadvantage of the technique is the difficulty which exists in 
quantifying the rate and extent of stress-relaxation. David and 
Augstberger (1977) considered stress-relaxation phenomena to be 
analogous to the response of a discrete Maxwell unit under constant 
strain. The combination of an elastic parameter in series with a 
viscous parameter leads to the derivation of the following equation: 
In ~ F = In Fo - kt (1.14) 
where (~ F) is the force left in the viscoelastic region at time t, 
(Fo) is the initial applied force at time zero and k is the slope 
(viscoelastic decay rate constant). The approach is illustrated in 
Fig. 1.9. The constant (k) and (.A F) are directly related to the rate 
and the extent of plastic flow respectively, exhibited by a compact 
under constant strain. 
A study of the time-dependent deformation properties of direct 
compression excipients carried out by Rees and Rue (1978) contradicted 
many of the findings of David and Augstberger (1977). Unlike the 
earier workers, Rees and Rue demonstrated that stress-relaxation 
continued for periods much greater than 10 seconds and also that 
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Figure 1.9 Analysis of Stress Relaxation Data 
(after David and Augstberger, 19(7) 
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dicalcium phosphate dihydrate, Sta-Rx, and Elcema did not behave as a 
single Maxwell unit but instead showed a spectum of retardation times. 
The differences observed may be accounted for by considering the 
strain conditions prevailing during relaxation. Rees and Rue (1978) 
measured stress-relaxation under conditions approximating to constant 
strain. In contrast, David and Augstberger (1977) used a rotary 
tablet press in which near constant stress conditions would prevail 
at maximum compaction force due to the elastic recovery of the lower 
compression roller overload spring. 
Hiestand et al., (1977) demonstrated that materials prone to capping 
exhibited slower and reduced stress-relaxation. The analysis of 
stress-relaxation they used involved plotting the residual stress 
against the logarithm of time. This has advantages in that the early 
portion of the time scale (arguably the most significant with regard 
to capping or lamination) is expanded and there is no implicit 
assumption that the compressed material can be characterised by a 
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single retardation time. 
Rue et al. (1980) used stress-relaxation as a criterion to demonstrate 
the greater plasticity of sprayed dried granules compared with those 
prepared by either wet-massing or roller compaction. They suggested 
that this plasticity facilitated the formation of greater areas of 
intergranular contact during compaction, hence tablets formed from 
spray-dried granulates exhibited greater tensile strength than tablets 
formed from the other granulates. They also showed that for 
wet-massed granulates of paracetamol increased binder levels reduced 
capping tendency, either by reducing the elastic deformation of 
paracetamol crystals or by accomodating post-compression elastic 
recovery by plastic flow of the binder. 
Cutt (1983) used stress-relaxation to characterise the deformation of 
powdered polymeric tablet binders and model granulations of glass 
ba II oti ni. The results showed that increased moisture content of the 
binders increased plastic deformation both in the binders alone and in 
the model granulations. The extent of stress-relaxation was shown to 
be dependent on the compact porosity and, for plastic binders, this 
was a function both of the rate of compression and the maximum applied 
load. For highly plastic materials considerable deformation occurred 
during the initial application of load resulting in a paradoxical 
reduction in stress-relaxation on maintaining constant strain. Huckle 
(1986) confirmed the dependence of observed stress-relaxation on the 
compaction rate for direct compression bases (such as Avicel) 
consolidating by predominantly plastic flow. The stress-relaxation of 
materials such as dicalcium phosphate and paracetamol, consolidating 
primarily by brittle fracture, showed little dependence on the initial 
compaction rate. Cooke and Summers (1986) demonstrated that the 
maximum compaction load applied also affected the subsequent 
relaxation phenomena. 
Casahoursat et al., (1988) used a Wischert model (a Hookean spring in 
parallel with two or more Voigt units) to linearise and characterise 
the stress-relaxation of a number of excipients. The fundamental 
validity of this approach must be questioned, however, since it 
implies the characteristic of retarded elasticity 
plastici ty. 
Page 21 
rather than 
1.3.4 Radial Versus Axial Pressure Cycles 
In general, a stress applied to one part of a body will be transmitted 
to some degree to another part. The stress transmission may be 
resolved into two components, an axial (normal) component and a 
radial (shear) stress. Examination of axial to radial stress 
transmission during the tablet compression cycle allows quantitative 
evaluation of a number of fundamental material properties. The value 
of compaction profiles in the study of compression phenomena was first 
noted for ideal non-porous plugs by Long (1960). In his work it was 
assumed that the die was perfectly rigid, that there was no die wall 
friction, and the compact behaved as an ideal elastic body. When 
axial stress is applied the transmitted radial stress is of the same 
order of magnitude and the relationship is: 
( 1. 15) 
where (FA) is the appl ied axial pressure, (F R ) is the transmitted 
radial pressure and (n) is the Poisson ratio. 
Compression cycles for anisotropic powder or granular systems usually 
exhibit hysteresis depending on the relative amount of plastic and 
elastic deformation occuring. Materials deforming predominantly by 
plastic flow frequently show a cycle characteristic of a constant 
yield stress in shear. A second type of cycle exists where the yield 
stress in shear is a function of the normal stress in the plane of 
shear. This is characteristic of a MohI' body and often obtained for 
materials consolidating through brittle fracture. 
Leigh et al., (1967) observed that the compression cycle of 
paracetamol (granulated without a binder) resembled that of a MohI' 
body and the resultant compacts both laminated and capped. 
Granulation with a binder (PVP) resulted in a compression cycle 
characteristic of a body with constant yield stress in shear, with 
the elimination of lamination. They suggested that the use of 
compression cycles may discriminate between materials which form 
satisfactory tablets and those which do not. Similar results were 
obtained by Carless and Leigh (1974) also using paracetamol granulated 
with PVP. 
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Shot ton and Obiorah (1975) showed that the compression cycle of 
crystalline paracetamol was characteristically elastic unlike that of 
Paracetamol DC (a commercial direct compression formulation containing 
gelatin hydrolysate as a binder). The elimination of paracetamol 
capping by the presence of a binder was associated with an increase in 
residual die wall pressure (ROWP) and a decrease in elastic recovery 
d~ring decompression. Krycer et al., (1982c) substantiated this 
although they demonstrated that capping tendency could not be 
predicted solely on the basis of the RDWP. A capping index (Cl), 
defined as the gradient of a plot of elastic recovery against ROWP, 
proved more useful to quantify capping tendency than ROWP alone. 
The results of Obiorah and Shotton (1976) contrast with other studies 
on the influence of binders on the nature of compression cycles. Both 
paracetamol (which tended to cap) and paracetamol mixed with a gelatin 
hydrolysate or with water (which did not cap) exhibited compression 
cycles characteristic of a Mohr body. ROWP appeared, in this study, 
to to be a better discriminator of capping tendency than any other 
parameter of the compression cycle. Armstrong et al., (1977) found 
that for ungranulated dibasic calcium phosphate or dibasic calcium 
phosphate granulated with a range of binders, the compresion cycles 
resembled those of a Mohr body. The presence of a binder induced 
plastici:y, resulting in a lower yield pressure and greater stress 
transmission to the die wall at pressures above the yield. 
Doelker and Shotton (1977) related the mechanical properties of 
paracetamol and dicalcium phosphate granules prepared with different 
binders to their characteristic compression cycles. The crushing 
strength of tablets prepared from the granules was also measured and 
found to be dependent on the plastic deformation and" fracture of the 
initial granules. For dicalcium phosphate tablets, the rank order for 
crushing strength reflected the granule strength. With paracetamol, 
however, the increase in bonding surface on compression reversed 
binder mediated effects. The weakest granules (in both cases those 
containing PVP) consequently produced the weakest tablets of dicalcium 
phosphate and the strongest tablets of paracetamol. Thus, a good 
conversion of axial to radial pressure was demonstrated not to be the 
major factor in producing compacts of high strength. The generated 
contact area was proposed to be a more significant factor. 
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1.3.5 Work of Compact ion 
Powders or granules having different size distributions, packing 
characteristiCS, and different relative elasticity and plasticity will 
absorb varying amounts of energy for equal applied compaction 
pressures. A measurement of the work expended during the compaction 
of materials can be obtained by examining the relationship between top 
punch displacement and the force 
compression. 
it exerts during uniaxial 
de Blaey et aI., (1970, 1971, 1972) pioneered the use of a uniaxial 
double compression technique to evaluate work expended during 
different stages of compaction and to relate it to tablet properties. 
The area under the upper punch force-displacement plot, obtained for 
the uniaxial compression, represents the gross work exerted by the top 
punch on the material compressed. The upper punch force-decompression 
plot represents the proportion of the work returned to the punch as a 
consequence of elastic strain recovery during decompression. The 
difference between the gross work of compression and the work of 
expansion represents the total work expended during a single 
compression-decompression cycle. de Blaey and co-workers noted that 
the work of expansion may be underestimated if elastic recovery 
continues after the top punch has lost contact with the compact. The 
compact is not, therefore, ejected from the die but is subjected to a 
second compression cycle. Since the maximum force used is the same as 
that of the initial compression de Blaey and Polderman (1970) assumed 
that no further plastic deformation would occur. Incomplete 
resolution of elastic expansion during the first decompression is 
shown by a larger work of compression for the second cycle compared 
with the work of expansion during the first decompression. The work 
required to overcome friction at the die wall can be calculated from 
the difference between the upper and lower punch forces. This 
corrected compaction force represents the force transmitted to the 
lower punch during uniaxial compression. Subtracting this work and the 
work of expansion yields an overall net work of compact ion. 
The work carried out on the lower punch during the second compaction, 
designated LPW2, has been reported to be a measure of the elastic 
energy recovered by the ascending punch in the first decompression (de 
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Blaey and Polderman, 1970; de Blaey and Polderman, 1971; de Blaey et 
aI., 1971b). This relies on the assumptions that the compact had 
fUlly recovered elastically prior to recompression and that elastic 
deformation alone occurs during recompression. Krycer et a!., (1982a) 
painted out that those assumptions may not be strictly applicable in 
practice. Armstrong et al., (1982) and Jackson et al., (1982) have 
confirmed that the work expended during the second and subsequent 
compactlons was not just that required to elastically deform the 
compact. Armstrong et al., (1982) utilised a multiple recompression 
technique to demonstrate the l' nductl' on fit' 't' I t o p as lCl y ln granu a es by 
the incorporation of a binder 
De Blaey et al., (1971b) demonstrated differences in the work of 
compression for some pharmaceuticals with variation of the binder type 
or granulation technique. Differences were found with respect to the 
gross work, elastic deformation, net work and tablet properties such 
as crushing strength, disintegration time and dissolution rate. In 
common with other workers (Polderman and de Blaey, 1971; Doelker et 
al., 1980) they showed that for a number of granulations, there was a 
linear relationship between the net work and radial tablet strength. 
This relationship failed, however, where capping occured (de Blaey et 
al., 1971d). 
Armstrong and Motton (1977) used force-displacement curves to study 
the effects of binder type on the plasticity and elasticity of 
dicalcium phosphate granulates. They ignored die wall friction and 
consequently thei~ net work ~( compaction was calculated simply from 
the gross work minus the work of elasticity. They noted that the 
gross work of compression increased with increased binder 
concentration. They suggested that this was due to an increase in the 
resistance of the granule to deformation or an increase in the 
plasticity of the granule. At higher binder concentrations, 
proportionately more work was used to overcome the resistance to 
deformation of the granules. The amount of work contributing to tablet 
strength, therefore, remained relatively low. By calculating the ratio 
of net work to gross work expressed as a percentage at some arbitrary 
compression force, it was possible to identify the proportion of the 
total work that contributed to tablet strength. The results indicated 
that, for dicalcium phosphate granules at low binder concentrations, 
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starch, gelatin and methylcellulose were more effective in inducing 
plasticity than PVP, acacia or PEG 4000. Doelker et al., (1980); in 
contrast, observed that this plasticity ratio was incapable of 
differentiating between binder types. The ratio was increased, 
however, for dicalcium phosphate and paracetamol by the inclusion of a 
bind i ng agent. 
Upper punch force-displacement curves have also contributed to an 
understanding of capping phenomena. De Blaey et al., (1971c) found 
that the strength of compacts form d t' h e ram P enacetin granulates 
increased with compression force until a critical force was reached. 
Above this critical rorce, which was characteristic for every 
granulation, the compact strength fell again. The magnitude of the 
critical force was influenced both by granule size and by the moisture 
content of the granulate. Smaller granules were better able to 
withstand post-compresssion elastic recovery, resulting in stronger 
tablets. Higher moisture contents in the granules caused the 
formation of stronger structures, although with a lower net work 
expendiLure (de Blaey at al., 1971c, 1971d). This factor was more 
significant in determining the strength of the resultant compacts than 
was the coincident increase in elastic deformation. 
Ragnarsson and Sjorgren (1985) commented that, to be able to 
characterise inherent deformation properties of a material using 
force-displacement measurements, the measurement should be unaffected 
ay particle interactions, i.e. friction and bonding. They showed 
however, that unlike yield pressures derived from Heckel plots, the 
net work of compaction was significantly affected by particle 
interactions. They concluded that, although the net work of 
compaction might be useful as a test of inter-lot variations in 
t ' . h' . t' I l't was a poor measure of the compac lon De aVlour or ma erla s, 
plasticity of a material. In contrast, yield pressure appeared to be 
a more useful parameter for the evaluation of deformation properties. 
1.3.6 Power 
Armstrong et al., (1983) attempted to measure the power expended in 
the process of compression. Power consumption during the tabletting 
process, defined as the energy expended in unit time, can be derived 
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in two ways. Firstly, from the area under the compression 
force-displacement curve (i.e. the work of compaction) divided by the 
time over which the force is applied. Secondly, from the applied 
PUnch force multiplied by the punch velocity at the time that force is 
being applied (Armstrong and Palfreyman, 1987). Armstrong (1990) 
suggested that the value of power determination lay in the fact that 
this technique alone takes into account the role that time can play in 
the compression process. This may not be strictly true, in view of 
the potential to determine apparent plastic viscosities of compressed 
materials by creep rheological methods (section 1.3.9). 
In spite of the potential for highlighting difficulties caused by 
artificially long compaction times or for comparison of different 
types of tablet press (Armstrong, 1989), little attention has been 
paid to power as a compression parameter. 
1.3.7 Elastic Deformation 
Fell and Newton (1971) and more recently Paronen (1986) have shown 
that elastic deformations of a compact under load may influence the 
form and interpretation of the Heckel plot. Of greater practical 
relevance is the potentially disruptive effect of elastic strain 
recovery during the decompression phase of the compression cycle. The 
extent of de-bonding which may ensue, has been implicated by many 
workers as a major factor in the manifestation of capping or 
lamination (see, for example, Ritter and Sucker, 1980; Mann, 1984; 
Fassihi and Parker, 1986) In addition, slower viscoelastic recovery 
may also occur. 
1.3.7.1 Elastic Strain Recovery 
Besides the questionable use of LPW2 (defined in section 1.3.5) there 
other methods available which quantify the extent of elastic 
are 
strain undergone by a compact during compression. Various workers 
(ArmStrong and Haines-Nutt, 1972, 1974; Carless and Leigh, 1974; York 
and Saily, 1977; Krycer et al., 1982b) have used the percentage 
elastic recovery (E) defined as: 
E = (H - He) / He x 100 ~ 1. 16) 
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where (H) and (He) are the compact height under load and after 
ejection from the die respectively. 
Travers et al., (1983) have shown that the axial elastic strain 
recovery occurs very rapidly within the die immediately stress is 
removed. Since compact expansions have been measured at varying times 
after ejection they may therefore include viscoelastic strain recovery 
as well as the ideally instantaneous elastic response. For instance, 
Krycer et al.,(1982b) measured the ejected compact height after 
twenty-four hours, whereas Carless and Leigh (1974) and York and 8aily 
(1977) measured the height immediately after ejection. Marshal I et 
al., (1986) demonstrated that the axial strain recovery in ibuprofen 
compacts (measured two hours after compression) was dependent on the 
duration of the compression cycle. An increase in the duration of the 
compression cycle from one to ten seconds resulted in a decrease in 
the total strain recovery at all compaction pressures studied. They 
concluded that consolidation (of ibuprofen) was a balance between 
elastic deformation and time-dependent plasticity. Although percentage 
elastic recovery may not provide a direct measurement of elastic 
deformation, it has proved useful to quantifY the disruptive effects 
of elastic deformation. Summers et al., (1977) employed an elastic 
modulus, which, like LPW2 relied on the assumption that no plastic 
deformation occured on recompression of the compact. 
1.3.7.2 The Poisson Ratio 
The Poisson ratio (n), calculated from radial versus axial pressure 
cycles, has also been used to measure the ability of materials to 
deform elastically (Long, 1960; Leigh et al., 1967; Summers et al., 
1976). However, Poisson ratios are, in actuality, strain ratios in 
stressed isotropic materials and may not be identical to stress ratios 
in powdered or granular materials which may behave anisotropically 
when subjected to uniaxial compression. 
1.3.7.3 Surface Areas 
A further insight into the elastic strain during compression has been 
afforded by investigations into changes in surface area during 
compaction. During the compaction process the overall surface area of 
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the consolidating mass changes due to plastic deformation or fracture 
of the base particles (Stanley-\.Iood and Shubair, 1979; 1980). 
Initially the specific surface rises with campactian pressure as 
fracture and plastic flow generate new surface. The fall in surface 
which follows, at higher pressures, is associated with recombination 
of particles. A second increase in surface area observed at much 
higher compaction pressures is due to disruptive elastic recovery on 
decompression. 
Armstrong and Haines-Nutt (1974) showed that the presence of a starch 
binder reduced elastic recovery on decompression and eliminated the 
second rise in specific surface area for magnesium carbonate and for 
phenacetin. The strength of the compacts was correspondingly 
increased. Morton (1977) also showed the elimination of the second 
rise in the specific surface-area compression profile for magnesium 
carbonate granulated with wheat starch. In contrast with the previous 
workers, however, post-compression elastic recovery was not reduced 
although compact strength was increased. In the latter work, the 
binder was observed to accomodate post-compression strain recovery 
without apparent bond disruption. 
1.3.8 Plasticity-Elasticity Indices 
From preceeding sections, it is clear that the mechanical properties 
of a compression-formed compact will be dependent on the relative 
extent of bonding (non-recoverable or plastic) deformation and 
de-bonding (elastic) deformation. The Brittle Fracture Propensity, 
discussed previously in section 1.3.1, was an example of this type of 
approach. Aulton and Tebby (1977) showed that the ratio of 
penetration distance to relaxation distance, determined from 
indentation testing on pre-formed compacts, was a simple but useful 
means of differentiating "good" and "poor" tabletting materials. 
Since then, other workers have attempted to quantify the relative 
contribution of different deformations in the form of plasticity-
elasticity indices and to use the resultant parameters to interpret 
compaction behavior. The capping index of Krycer et al., (1982b) is 
one example of this type of approach. Hiestand and Smith (1984) used 
dynamic indentation hardness measurements on compacts to define a 
bonding index (BI) and a strain index (SI). These were proposed to 
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characterise the post-compression bonding area and the relative strain 
that could develop during elastic recovery, respectively. 
Celik and Travers (1984) proposed an alternative parameter to predict 
the compressional behaviour of materials and to measure the disruptive 
effects of elastic expansion. This parameter is the Elastic Recovery 
Index (ERl) defined by: 
ERI = ER/SM (1.17) 
where (ER) is the elastic recovery of the compact during decompression 
(corrected for punch recovery) and (SM) is the strain movement of the 
compact held under a constant stress. Under identical compression 
conditions Avicel and Sta-Rx, which are known to be good compressible 
bases, exhibited the lowest ER! values. Magnesium carbonate, 
magnesium stearate and paracetamol, which yielded either very brittle 
or capped compacts had correspondingly high values for ER!. Powdered 
paracetamol had almost double the ERI value of its binder-containing 
direct compression form. 
A number of other workers (Malamataris et al., 1984; Bangudu and 
Pilpel, 1985; Esezobo and Pilpel, 1986; Ejiofor et al., 1986; ltiola 
and Pilpel, 1986) have adopted a similar approach for quantifying 
plasto-elasticity to that of Celik and Travers (1983). Malamataris et 
al., (1984) defined a plasto-elasticity ratio ER/PC thus: 
PC = Hg - H~ x 100 (1.18) 
Ho 
and 
ER = Ha - H~ x 100 (1.19) 
HL 
Ho, HL and HR are respectively the compact thickness at maximum 
compaction pressure, the compact thickness after holding for 30 
seconds at maximum compaction pressure and the compaction thickness 
after ejection from the die. Some workers (Bangudu and Pilpel, 1985; 
Esezobo and Pilpel, 1986) have refered to the plastic compression (PC) 
as the stress relaxation (SR). Clearly, this is incorrect as the 
parameter recorded is a measurement of strain movement at constant 
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stress rather than stress decay at constant strain. Additionally, the 
movement measured may contain some element of viscoelastic strain and 
as such may not be characteristic of pure plasticity. The concept, 
however, is identical to that of Celik and Travers (1984)although they 
used a shorter holding time (10 seconds) and measured elastic recovery 
within the die to avoid contribution from viscoelastic effects. 
Malamataris et al., (1984) and Bangudu and Pilpel (1985) showed that, 
for a variety of materials, an inverse relationship existed between 
compact strength and the ER/PC ratio. Itiola and Pilpel (1986) showed 
that for PVP, gelatin and methylcellulose as binders an increase in 
binder concentration reduced the ER/PC ratio for metronidazole 
granules prepared by wet-massing. The change in the ratio resulted 
both from a reduction in elastic recovery and an increase in 
plasticity. In relative terms, the increase in plasticity appeared to 
be more significant. Esezobo and Pilpel (1986) demonstrated that the 
ER/PC ratio increased with increasing compaction pressure and that 
this was due mainly to an increase in the elasticity component. Also 
for a number of materials, including paracetamol granules prepared by 
wet-massing with PVP 5%w/w, the plasto-elasticity ratio decreased as 
the temperature of compaction was raised between -10°C and 65°C. This 
was due both to a reduction in ER and an increase in PC and was 
associated with an increase in the tensile strength of the resultant 
compacts. They considered that these results were due to an increase 
in asperity melting and the formation of strongly welded bonds at high 
pressure. They did not consider (in the case of the paracetamol 
granulate) the possibility of thermally-increased plasticity in the 
PVP binder. 
One disadvantage of the elastic recovery index or the plasto-
elasticity ratio is that they fail to quantify plastic deformation 
l~curing during the loading phase of compression. For rapid 
compression where the holding or dwell time is short, this may be 
sig~ificant. The use of plasticity-elasticity indices has contributed 
considerably to the understanding of how compact properties are 
dependent on bonding and debonding processes. The absolute values of 
the indices will, however, be expected to vary with the detail of the 
test method employed. 
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1.3.9 Viscoelastic Deformations 
It has long been appreciated that the mechanical properties of some 
tabletted materials may change significantly with time. Rees and 
Shotton (1970) attributed initial increases in the crushing strength 
of sodium chloride compacts to stress-relaxation. Creep strain 
recovery, which may contribute to the cracking of sugar coats or 
splitting of film coats, has been shown for a number of materials 
(Aulton et al., 1973; York and Baily, 1977), Rippie and Danielson 
(1981) and Danielson et al., (1983) studied viscoelastic behaviour of 
compacts by measuring stress-relaxation during the 
post-compression periods in the die of a rotary tablet 
unloading and 
press. These 
authors suggested that viscoelastic parameters could provide insight 
into kinetically controlled changes in structure. 
Celik (1984) derived creep-compliance versus time curves for a range 
of direct compression bases, both from the strain movements of 
compacts held a constant stress and from micro-indentation tests. The 
deformation of Avicel PH10l and Sta-Rx was shown to be highly time-
dependent, with significant retarded elastic strain in addition to 
plastic flow. Emcompress, a material compacting by brittle failure, 
showed little tendency to undergo visco-elastic or plastic strain. 
Using classical methods of creep analysis (Barry, 1974) it was 
possible to model the mechanical properties of the compacts in terms 
of Maxwell and Voigt units. Studies by Patel and Staniforth (1987) 
and Staniforth et al. (1987>, using an identical technique, have also 
differentiated between elastic, viscoelastic and plastic deformation 
in direct compression bases. The creep behaviour of pharmaceutical 
particulate solids must, however, be complicated by the non-isotropic 
structure of the packed bed, fragmentation and inter-particle bonding, 
and the composite character of a tablet formulation. 
Radebaugh et al., (1989) characterised the viscoelastic properties of 
compacted pharmaceutical powders using a non-destructive dynamic 
rheological method. The technique utilised small strain sinusoidal 
oscillatory torsion of compacts. It was found that the determination 
of fundamental viscoelastic parameters could provide an insight into 
the processes that result in bonding and structure formation. 
Radebaugh et al., (1989) proposed that their findings support the 
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premise that van del' Waal's forces are the primary origin of bonding 
between particles. 
Armstrong (1989) observed that further work on time-dependent factors 
involved in tablet compression was needed, since virtually all data so 
far reported were derived for single component systems. But most 
commercial tablets are multiparticulate systems. 
Hiestand (1985) noted that the measured 
usually greater than would be predicted from 
strength of compacts is 
a balance of bonding 
plasticity and debonding elasticity. The tensile strength of a 
particle-particle contact will be very weak when the elastic recovery 
following decompression is Hertzian, i.e. the elastic energy is all 
dissipated in the formation of new surface. To account for stronger 
bonding, it is necessary to obtain post-decompression contact areas 
greater than produced by elastic recovery alone. Further plastic 
deformation during decompression must occur. This has been called 
"isthmus formation" (Hiestand and Smi th, 1984). Hiestand et al., 
(1987) have proposed that, for viscoelastic materials, elastic energy 
dissipated during recovery may be utilised in further plastic 
deformation. The resultant increase in true area of contact or 
isthmus formation between particles accounts for the development of 
strong bonds. Studies in the fracture mechanics of viscoelastic 
materials have confirmed that ductile extension (analogous to isthmus 
formation) occurs at the crack tip and accounts for increased bond 
strength (Hiestand and Smi th, 1987). 
1.4 Binder Film Formation and Deformation 
Many materials have been evaluated, in some manner or other, 
as binding agents in the production of compressed tablets. 
for use 
Willis et 
al., (1965) investigated a variety of polymers as potential binders in 
the granulation of powders. Other workers (Nelson et aI., 1957; 
Lehrman and Skauen, 1958; Muti and Othman, 1989) have evaluated 
binders by considering the properties of tablets produced when using 
them. Mendes (1968) assessed the performance of eight binding agents 
by means of a "hardness-friabrasion " index of tablets produced using 
the respective binders. He considered that methods of assessing 
binders outside of tablet systems did not produce satisfactory 
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conclusions, although no experimental evidence was presented to 
support this contention. 
It has been long been appreciated that the inclusion of a binding 
agent in a granulate"may modify compression properties. Few studies 
have been carried out, however, to investigate how mechanical 
properti~s of the binder itself influence subsequent compression 
behaviour. Healey et al., (1974) studied the mechanical properties of 
free binder films cast from aqueous solution. Using stress-strain 
curves derived from tensile tests, they classified acacia and PVP as 
weak materials, gelatin as a hard, strong material and 
methylhydroxyethylcellulose and starch as hard and tough materials. 
PVP also exhibited the lowest modulus of elasticity, showing it to be 
the most readily deformed binder tested as well as having a low 
tensile strength. They suggested that its value as a good binder may 
in part be attributed to this high deformability which would aid 
consolidation during compaction. Gelatin possessed the highest 
modulus of elasticity and tensile strength (although it was shown to 
be brittle) and it was suggested that its value as a binder may be 
limited by its resistance to consolidation. Additionally, they 
suggested that its brittleness may result in friable granules and 
tablets. The high tensile strength of gelatin films, however, 
corresponded with its known ability to produce hard tablets. 
Krycer et al., (1983) used results of their own studies, along with a 
retrospective review of previously published data, in a comprehesive 
evaluation of binders used in wet-massed granulation. Using 
paracetamol as the substrate material for granule and tablet studies, 
they concluded that the relative tablet strength and capping tendency 
could not be predicted by any single binder property. They considered 
that it was necessary to take into account four proposed determinants 
of binder efficacy: substrate wetting by binder solution, binder film 
formation and deformation properties, binder cohesion, and 
binder-substrate adhesion. The first and second factors were found to 
be significant determinants of granule and tablet strength. Tablet 
friability was shown to be mainly influenced by binder film-forming 
properties. Optimum binder efficiency was achieved when the binder 
solution readily wetted the substrate and was well distributed. 
During the compaction process, bonding was optimized when the binder 
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was sufficiently soft to flow plastically at low pressures, yet tough 
enough to withstand postcompression elastic recovery. Thus, although 
starch was a good film farmer, the tablets tarmed were relatively weak 
and very friable due to poor wetting of paracetamol by the starch 
paste. PEG 6000 and sucrase, bath non film-forming binders, produced 
correspondingly friable tablets. 
Reading and Spring (1984a) investigated the mechanical properties of 
four film-forming polymeric binders; methylcellulose, PVP, hydrolysed 
maize starch and a gelatin hydrolysate. Using sand as a model 
substrate they investigated the effects of the binders on the 
mechanical properties of granules and compact formed using the 
binders. They noted that one of the binders (maize starch) formed a 
viscous paste which was poorly distributed during granulation. Thus, 
although starch film formation was good, granulation was inefficent 
and the resultant compact strength low. For the other binders, a 
positive correlation was shown between desirable properties (compact 
strength and low granule friability) and the creep compliance, 
ultimate tensile strength and elongation at failure of the cast binder 
films. A negative correlation was found between compact strength and 
the Brinell Hardness of the films. They concluded that a good binder 
would be one which was strong in tension, but was readily deformable. 
1.5 Plasticization of Tablet Binders: 
Ojectives and Scope of the Thesis 
In the commercial production of tablets, using high speed tablet 
presses, it is not uncommon to use granulated material rather than 
simple powder blends. In this way, a uniform flow of non-segregating 
and compressible material from the hopper to the die can be assured. 
The production of granules is usually carried out by wet-massing the 
powder blend with a binding agent dissolved in a suitable solvent. It 
was considered that the primary function of a binding agent was to 
facilitate adhesion between primary particles during wet-massing and 
maintain granular integrity after drying. However, it has become 
evident that the binder may significantly modify the compression 
properties of materials inducing a degree of plasticity which was 
absent in the ungranulated sUbstrate. It has been observed that many 
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materials will only form coherent tablets after granulatiQn, with a 
suitable binder. 
The incorporation of a binding agent into a granulate has been shown 
by several studies to increase the overall plasticity of the mass. 
Wells et al., (1982) proposed that this effect might be enhanced by 
the plasticization of the binder. A patent for this concept was 
subsequently applied for (European Patent Application Number 0 070 127 
A2, 1982). Wells et al., (1982) evaluated the effects of a series of 
potential plasticizers on the tabletting properties of dicalcium 
phosphate, lactose and paracetamol, each granulated with PVP. The 
influence of the plasticizer was most significant for the paracetamol 
compacts, which exhibited increased strength and capping pressure, and 
reduced friability. The tensile strength of paracetamol compacts 
increased with increased plasticizer levels, although friability 
appeared to be independent of plasticizer type or concentration. Both 
the tensile strength and resistance to friabrasion were improved for 
lactose compacts prepared using the plasticized binder. Dicalcium 
phosphate compacts containing plasticized binder were, however, weaker 
than those containing no plasticizer, although their friability was 
significantly lowered. It was concluded that fragmentation of 
dicalcium phosphate was reduced by binder plasticization, resulting 
in reductions in bonding and compact strength. 
Similar results were reported by Krycer et al., (1983) for paracetamol 
granulated with PVP co-precipitated with glycerol. These workers also 
observed that this resulted in tablets of elevated strength and 
capping pressure and with an increased resistance to friabrasion. 
Although Wells et al., (1982) and Krycer et al., (1983) accounted for 
their results in terms of binder plasticization, neither group of 
workers presented binder deformation data to support this contention. 
Reading and Spring (1984b) evaluated the influence of a number of 
inclusions on the mechanical properties of four polymeric tablet 
binders; methylcellulose, PVP, hydrolysed maize starch and a gelatin 
hydrolysate. In general, the inclusions resulted in the weakening of 
films made with the binders. They reported that PEG 600, included as 
a potential plasticizer, had little plasticizing effect with respect 
to the tensile mechanical properties of cast binder films. The 
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inclusion of sodium lauryl sulphate (a wetting agent) or lactose (a 
water-soluble tabletting diluent) made some films of PVP and starch 
too brittle to test. Using sand as a model substrate, they also 
investigated the effect of binder inclusions on granule and compact 
properties. Inclusion of PEG 600 tended to give weak granules and 
compacts when included with each of the binders studied. 
The concept of tablet binder plasticization is of interest for a 
number of reasons. Plasticization offers the potential to increase 
compressibility of a granular mass using the minimum quantity of 
binding agent. This may be important for poorly compressible drugs 
since the inclusion of sufficient binder to facilitate tabletting may 
result in impaired dissolution and poor bioavailability. At a 
fundamental I eve I, the abil ity to manipulate deformation 
characteristics of a polymeric binder offers considerable scope for 
the investigation of binder function in tablet compression. The 
contrasting results of Wel Is et al., (1982) and Reading and Spring 
(1984b) serve to emphasise the need for a detailed study of the 
phenomena of binder plasticization. Consequently, the plasticization 
of polymeric tablet binders forms the subject of this thesis. 
Objectives of the thesis include studies on the fundamental nature of 
plasticization, the effects of plasticization on physico-mechanical 
properties of polymers, and consequences for the tabletting process. 
No material exists as a plasticizer ~ ~ for all polymers. 
Consequently, Chapter two considers the fundamental molecular 
requirements for plasticization 
semi-quantitative manner, to the 
tablet binders. The objective 
ductility and workability of a 
and attempts to relate them, in a 
plasticization of some polymeric 
of plasticization is to modify the 
polymer. Characterisation of the 
physico-mechanical properties of some commonly used polymeric tablet 
binders, and the quantification of changes induced by plasticization, 
form the subject of Chapters three and four. The development of 
instrumented creep rheological techniques (Chapter four) proved 
particularly useful for the resolution and quantification of 
time-dependent and time-independent deformation of tablet binders. 
The role of plasticity in the tabletting performance of binding agents 
is investigated with respect to tablet mechanical properties (Chapter 
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five) and the compression characteristics of granulates (Chapter six). 
Wet-massed granulation is used as the method for incorporating binding 
agents and plasticizers into model systems far tabletting. Granulation 
has been the subject of considerable previous work and is not, 
therefore, investigated other than to assure control and 
reproducability of experimental methods. By the selection of 
tabletting substrates which deform predominantly without plastic flow, 
it should be possible to investigate the specific influence of binder 
plasticity on compression characteristics. The use of an sophistocated 
instrumented hydraulic press enables investigation of time-dependent 
and time-independent deformations during tablet compression process. 
The final chapter summarises the conclusions of the work and discusses 
their implications for tablet formulation and manufacture. 
areas for additional research are suggested. 
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CHAPTER TWO 
PLASTICIZATION AND THE THERMODYNAMICS OF POLYMER SOLUTIONS 
CHAPTER TWO 
PLASTICIZATION AND THE THERMODYNAMICS OF POLYMER SOLUTIONS 
2.1 Plasticization Phenomena 
Polymers are macromolecules formed from the addition of a number of 
repeating monomer subunits. The macromolecules may be homopolymers, 
composed of a single type of monomer, or copolymers consisting of two 
or more types of monomer. Among the naturally occuring polymers, 
cellulose is representative of the former type whereas proteins are 
the latter. The number of repeat units per macromolecule is called 
the degree of polymerization. Depending on functionality, i.e. the 
number of reactive groups of the monomer, polymers may be linear, 
branched or crosslinked. Small molecules and many polymers of 
biological origin are monodisperse, i.e. all molecules of a given pure 
compound have the same molecular weight. In contrast, synthetically 
manufactured polymers are polydisperse, consisting of macromolecules 
having different degrees of polymerisation. Such polymers are 
characterised by an average molecular weight and a molecular weight 
distribution. 
Polymers have found wide application in the science and practice of 
pharmacy. Their applications include bioactive substances (e. g. 
insulin and heparin) packaging materials (e.g. polyethylene and 
polyvinyl chloride) and excipients used in formulation. In the latter 
case, polymeric materials have found particular appl ication in the 
granulation of powder substrates and in the mod if icati on of the 
tablettability of such materials. In many areas of use, however, the 
physico-mechanical properties of a polymer "as received" do not 
conform with the optimum for the intended function. In such cases, 
the properties of the polymer may be modified by the incorporation of 
a second component which "plasticizes" the polymer. 
Alfrey (1949) defined a plasticizer as "a non-volatile, high boiling 
point substance, usually a liquid, incorporated in a polymeric plastic 
to increase its flexibility, workability and distensibility." Boyer 
(1951) subdivided potential plasticizers into three types on the basis 
of their association with the polymer. They were considered as: 
of their association with the polymer. They were considered as: 
Solvent type 
- miscible in all proportions with the polymer 
- action limited to small, localised regions 
Non-solvent type - partially miscible with the polymer 
Polymeric type 
- dispersed molecules act as a solvent type 
plasticizer 
- non-dispersed molecules form droplet-like 
clusters which disrupte forces between 
polymer chains 
- may be miscible or immiscible with the 
main polymer 
- form large continuous regions separating the 
main polymer chains to give a flexible matrix 
PlasticiZing efficiency declines in the order: 
polymer type < non-solvent type < solvent type. 
Boyer (1951) observed that polymer-type plasticizers have very low 
efficiency and may require large levels of incorporation to produce 
the desired effect. 
A number of theories nave been proposed to account for the action of 
plasticizers on the physical and mechanical properties of polymers. 
Broadly, these can be classified into mechanistic theories as reviewed 
by Ritchie (1972), or thermodynamic theories of solvent action as 
proposed by Doty and Zable (1946). 
The viscosity theory (Jones, 1947; Leibch, 1943; \tJurstlin, 1943) 
related the behaviour of plasticized polymer to the viscosity-
tempera~ure relationship. According to this theory, incorporation of 
lower viscosity plasticizers would result in softer, more ductile 
polymers. The lubricity theorY (Ritchie, 1972) asssumes that 
resistance to deformation in a polymer resulted from intermolecular 
friction. Plasticizers act as lubricants at the molecular level, 
facilitating easier movement of polymer chains. The mechanistic 
theory which has probably gained greatest credence is the gel theory 
originated by Manfred and Obrist (1927) and developed by Doolittle 
(1947, 1954). According to this theory, polymers are attracted to 
each other by forces originating from "active centres" along the 
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polymer chain. In solution, the bonds are in dynamic equilibrium and 
as bonds ~re disrupted solvent molecules are also attracted to, and 
compete tor~ the active centres. A plasticizer added to the solution 
will also be in campeiion for the unbaund centres. The rigidity of an 
unplasticized polymer is considered to result from a three-dimensional 
gel structure, formed by inter-polymer bonding between active centres 
as solvent is removed during drying. The presence of a non-volatile 
plasticizer (or residual solvent) will act to mask a proportion of the 
active centres and consequently reduce the number of polymer-polymer 
bonds. The rigidity of the three-dimensional network formed after 
solvent removal will be decreased, allowing greater deformation before 
failure. 
At an empirical level, mechanistic theories generally offer an 
adequate explanation of the influence of a plasticizer on the 
properties of a polymer. But mechanistic theories offer little 
insight into rational plasticizer choice or the fundamental nature of 
the polymer-plasticizer interaction. In the latter areas, theories 
based on the solution thermodynamics of macromolecules are potentially 
more useful. The development of these theories with respect to 
plasticization is briefly reviewed in subsequent sections. 
2.1.1 Intermolecular Forces 
Prior to a review of the thermodynamics influencing plasticization, it 
is necessary to briefly consider the nature of forces which exist 
between atoms and molecules. All the forces are electrostatic in 
origin and are ultimately based on Coulomb's Law of the attraction 
between unlike, and the repulsion between like charges. For 
non-electrolytes, 
London dispersion 
Small (1953) identified the pertinant 
forces, dipole orientation, dipole 
forces as 
induction, 
d h d b dl'ng The sum of all attractive repulsion energy an Y rogen on . 
forces between uncharged molecules is often decribed by the term "van 
der Waal's forces". 
Dispersion and repulsion forces are always present and, being 
non-directional in nature, are additive over all pairs of molecules in 
a liquid (Small, 1953). Dipole orientation is usually of less 
importance. Strong interaction requires permanent orientation of the 
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molecules. But a molecule favourably orientated with respect to a 
second molecule may be unfavorable orientated with respect to a third. 
Consequently, it is only when there is regular long range orientaion 
of the molecules, as in crystals or pseudocrystalline liquids and 
polymers, that the dipole contribution can be large. Where this 
orientation is present, for example in hydrogen bonded liquids such as 
water, the entropy of vapourisation is abnormally high. Ordinary 
polar organic liquids such as ketones, ethers or esters, have 
entropies of vapourisation only slightly higher (if at all) than for 
non-polar liquids of similar boiling point. This indicates that 
dipole orientation can make little contribution to the net attractive 
force, probably because the dipoles are buried deep in the molecule. 
Weak dipole forces not associated with long range orientation may make 
a small contribution to the total attractive energy. In general, 
attraction due to dipole orientation can be regarded as insignificant, 
even for polar molecules, when compared with dispersion forces unless 
hydrogen bonding occurs. 
2.1.2 Compatibility 
For a substance to effectively plasticize a polymer it an often stated 
requirement that the two components should be compatible. The use of 
the term "compatibility" in this sense, is somewhat different to its 
usual meaning in relation to pharmaceutical systems. The 
Pharmaceutical Codex (1979) states that "incompatibility occurs when 
the components of a medicine interact in such a way that the 
properties of the medicine are adversely affected". With respect to 
polymeric systems, compatibility is defined as "the miscibility on an 
intimate molecular scale of polymers and additives in the solid state" 
(Bohn, 1975), The latter' definition has been adopted 
convention throughout this thesis. 
as the 
In many respects, the compatibility of a potential plasticizer with a 
polymer can be regarded as analogous to the dissolution of the polymer 
in a solvent. The principles governing the solution of a polymer are 
not very different from those governing the solution of non-polymeric 
solutes. The main deviations, in concentrated solutions at least, 
arise from the low entropy of mixing of polymers compared with other 
substances. A mixture which, thermodynamically,' is a single phase is 
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regarded as a solution irrespective of its mechanical properties. 
Thermodynamic factors affecting solubillty can, therefore, be applied 
to a consideration of compatibility in pol~mer-plasticizer systems. 
The mixing of a polymer and a potential plasticizer can be represented 
as an equilibrium: 
POLYMER + PLASTICIZER SOLUTION (2. 1 ) 
In thermodynamic terms the process will be at equilibrium when the 
change in Gibbs free energy (~G) is zero. The free energy is defined 
as that energy which would be absorbed Or liberated during a 
reversible process. When the free energy change is negative, the 
process proceeds from left to right, i.e. dissolution is spontaneous. 
For a reversible process, the change in free energy can be related to 
the change in heat content (enthalpy ~ H) or the change in randomness 
(entropy ~ S) by the equation: 
!:-. G = !:-.H-T~S (2.2) 
where T is the absolute temperature. 
It follows that for thermodynamic compatibility or spontaneous 
dissolution, the balance of enthalpy and entropy of mixing must be 
negative. This is favoured when ~ H is negative (exothermic mixing) 
or when ~ 5 is positive (randomness or disorder is increased), 
ideally at a high temperature. 
Crystalline polymers have a lower free energy than the corresponding 
amorphous polymer. For compatibility or dissolution, the free energy 
necessary to melt the crystalline regions must be supplied. This 
energy may be considerable so that highly crystalline polymers may be 
compatible with solvents or plasticizers only at temperatures 
approaching their melting points. This explains why the polymer 
cellulose is insoluble in water even though its monomer, dextrose, is 
readi ly soluble (Martin et al., 1983), The following discussions 
apply, therefore, to the dissolution and compatibility of essentially 
cmorphous polymers. 
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2.1.3 Ideal Solutions 
The simplest case for binary mixing occurs when the two component are 
similar in size, shape and molecular structure. They may then form an 
~ideal solution", defined as one in which Raoult's law is obeyed. 
This law states that the partial vapour pressure of each component of 
the mixture is proportional to its mole fraction in the mixture: 
PI = Pi 0 XI (2.3) 
where PI is the partial vapour pressure of a component in the 
mixture, Pi 0 is the corresponding vapour pressure of the pure liquid 
and XI is the mole fraction. Negative deviations from Raoult's law 
lead to increased solubility and are frequently associated with 
specific interaction between solute and solvent, i.e. by solvation or 
hydrogen bonding. Positive deviations, leading to decreased 
solubility, are interpreted as resulting from association of one of 
the components to form dimers or oligomers. Hildebrand and Scott 
(1950) suggest, however, that positive deviation is better accounted 
for by the difference in the cohesive forces (sometime termed internal 
pressures or cohesive energy densities) of each constituent. 
The conditions for ideal mixing imply that the heat of mixing A H is 
zero, i.e. the components mix without change in enthalpy. In such 
cases spontaneous mixing in all proportions is assured by the change 
in entropy (equation 2.6). In practice, few systems obey Raoult's law 
and types of deviation have been classified (Hildebrand and Scott, 
1950) as: 
Athermal solutions - enthalpy change is zero 
- entropy qhange is non-ideal. 
Irregular solutions - both enthalpy and entropy deviate from 
ideal 
Regular solutions - entropy change has the ideal value 
- enthalpy change is finite 
For molecules of similar size, A S is nearly ideal when A H is zero 
so that athermal solutions are nearly ideal in behaviour. 
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2.1.4 Heat of Mixing 
For the free energy of mixing l~ G of equation 2.2) to be negative 
then the enthalpy or heat of mixing (~H"lx) must ideally be negative 
or, if positive, low enough for l:.. H to be smaller than the product of 
T and ~ S. The heat of mixing resulting from the addition of a 
plasticizer to a polymer originates from three sources: 
- breaking of polymer-polymer bonds (~Hpp) 
- breaking of plasticizer-plasticizer bonds (~HL L ) 
formation of polymer-plasticizer bonds (l:.. HPL ) 
The magnitude at the heat of mixing is determined by the nature and 
strength of the intermolecular bonds involved and is given by: 
The dissolution of a polymer in a solvent is frequently observed to be 
endothermic, with l:.. H"IX positive and thus tending to oppose the 
dissolution process. Hildebrand and Scott (1950), in their development 
of the theory of regular solutions. proposed that the heat ot mixing 
of two non-electrolytes (denoted by subscripts 1 and 2) was positive 
and could be described by: 
(2. S) 
where,:. H"IX is the overall heat of mixing, V" is the total volume of 
the mixture, E is the energy of vapourisation, V is the molar volume 
of the components and 0 is the volume fraction or the components. 
The quotient (E/V) is the energy of vapourisation per cubic metre (in 
Jm- 3 ) and is termed the cohesive energy density (eED). 
may be rearranged to give: 
Equation 2:5 
(2.6) 
The overall heat of mixing per cubic metre at a given concentration is 
given by the square of the difference between the square roots of the 
CEDs. The square root of the CED has been assigned the symbol ~ and 
has the units (Jm- 3 )o.,. 
i 
The heat of mixing depends, therefore, on the term (61 - 62)2. If the 
heat of mixing is not to be too great to prevent miscibility, this 
term should be relatively small. When the term equals zero, then 
mutual solubility is ensured by the increase in entropy on mixing. 
(~I - £2)2 tends to zero as £1 tends to 62' This impl ies that if the 
values of two substances are nearly equal, then they will be 
thermodynamically compatible and mutually miscible. For this reason 6 
has been termed the solubility parameter. Equation 2.5 is then 
expressed in the form of the Hildebrand-Scatchard equation: 
(2. i) 
The molar CEO for a liquid is defined as the energy required to break 
all the intermolecular contacts in one mole of the liquid. It is 
therefore equivalent to the internal energy of vaporisation to an 
ideal gas, providing that the intramolecular contacts are similar in 
the liquid and gas states. Ideal gases mix without heat change. If 
the CED of a mixture of liquids is greater than the sum of the CEOs of 
its components, however, heat is liberated, i.e. H"IX is negative and 
mutual solubility is ensured since the entropy change is always 
positive. The converse situation occurs when the CED of the mixture is 
less than the sum of the CEDs of its component liquids. In this case 
H"IX may be so positive as to outweigh the influence of entropy, 
resulting in a net positive free energy change. Such a solution (sic) 
if formed will spontaneously demix. 
A number ut assumptions are implicit in the derivation ot the 
HiIdebrand-Scott heat of mixing model: 
that the geometric mean approximation is valid, i.e the CED 
of a pair of dissimilar molecules is approximately equal to 
the geometric mean of the CEOs for the corresponding pairs 
of similar molecules 
that the molar volumes of the solvent and solute are not 
significantly different 
that the interaction forces result from a uniform force 
field surrounding the molecules, with no accout being taken 
of polarity, solvation or specific molecular interaction 
These conditions are only fulfilled for relatively small non-polar 
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molecules, so that application of the model to polymer-plasticizer 
mixtures can only give a qualitative interpretation of the heat of 
mixing. Nevertheless, the model provides a useful starting point for 
the prediction of polymer-plasticizer compatibility. According to 
this theory, essentially amorphous polymers should be miscible or 
compatible with liquid plasticizers of similar £, without the need for 
chemical similarity or specific molecular interaction. 
In the Flory-Huggins theory of polymer solutions (Flory, 1942; 
Huggins, 1942a,b,c) the heat of mixing for a polymer and solvent is 
assumed to be positive and is given by the van Laar expression: 
(2.8) 
where nl is the number of moles of component 1 (the solvent), O2 is 
the volume fraction of component 2 (the polymer) and X is the 
Flory-Huggins interaction parameter. The nature and significance of 
this parameter is discussed in section 2.1.7. 
2.1.5 Determination of Solubility Parameters 
The solubility parameter for a solvent can be readily calculated. 
Methods for the calculation of solubility parameters from physical 
constants have been reviewed by Burrell (1975). The most accurate and 
direct method for obtaining the solubility parameter of a solvent is 
from its latent heat of vapourisation. The energy of vapourisation 
(Ev ) to a gas at zero pressure is given by: 
Ev = Hv - RT (2.9) 
where Hv is the latent heat of vapourisation at temperature T(K) and 
R is the gas constant. The solubility parameter (£(Jm-3)O.~) is then 
obtained from the square root of the CED (Ev/V) where V is the molar 
volume of the solvent in cubic metres. For many solvents, direct 
measurement of the heat of vapourisation at the desired temperature 
may not be readily available. In such cases methods must be used to 
estimate the heat of vapourisation, for example, the Clausius-
Clapeyron equation. Probably the most convenient estimation is 
Hildebrand's equation: 
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H2~ = 23.7 Tb + 0.020 Tb z - 2950 (2.10 ) 
where H25 is the latent heat of vapourisation at 25°C and Tb is the 
solvent boiling point in K. 
Other methods for determining the solubility parameter exist, for 
example the relationship between £ and surface tension (Hildebrand and 
Scott, 1950). The solubility parameter of a polymer (or any 
non-volati le substance) cannot, however, be determined directly 
because most polymers cannot be volatilised without decomposition. 
Small (1953) and Hoy (1970) have produced tables of molar attraction 
constants which allow the estimation of solubility parameters from 
structural formulae, molecular weight, and density. Molar attraction 
constants are additive over the formula and are related to g by: 
f: = p r. G/M (2.11) 
where P is the density of the compound, G is the molar group 
attraction constant and M is the molecular weight. The method cannot 
be applied to alcohols, amines, carboxylic acids or other strongly 
hydrogen bonding compounds unless such groups constitute only a small 
part of the molecule and the contribution to the total CED is 
correspondingly small. In spite of the limitations, the method does 
provide a potential means of determining the solubility pa~ameter for 
a polymer. There are drawbacks, however, in that the molecular weight 
and density of a polymer are rarely known with any certainty. 
In practice g is usually obtained for polymers from their solubility 
data (Burrell, 1975). Solvents of gradually increasing f: can be 
arranged such that a given polymer is soluble in all solvents grouped 
within a certain range. The midpoint of the range may be taken as the 
solubility parameter value of the polymer. The solubility parameter 
of a polymer is, therefore, defined as being the same as that of a 
solvent in which the polymer will mix (a) in all proportions, (b) 
without heat change, (c) without volume change and (d) without 
reaction or specific association. The solubility parameter of 
polymers which are rubber-like or can be readily cross-linked can be 
estimated from swelling values (Bristow and Watson 1958a). The polymer 
is immersed in a series of liquids of varying g. Being cross-linked, 
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the polymer will not dissolve but will imbibe liquid and swell to 
varying degrees. The amount of swelling should be greatest in the 
liquid having the same ~ as the polymer. By inference, the soluble 
none cross-linked polymer has the same value of ~. 
In practice it has been found necessary to consider a hydrogen bonding 
parameter as well as the cohesive energy density. Hydrogen bond 
energies are difficult to determine, however, and their accuracy may 
be questioned. It has been usual therefore to arrange solvents 
qualitatively into three classes, poorly H-bonding (hydrocarbons and 
their halo-, nitro-, and cyano-substitued products), moderately 
H-bonding (esters, ethers, ketones) and strongly H-bonding (alcohols, 
amines, amides, carboxylic acids, aldehydes). 
A further refinement to the solubility parameter concept is the 
extended solubility parameter approach of Hansen (1967a,b). He 
introduced the three-dimensional solubility parameter to provide 
information about the nature and relative quantitative contributions 
of dispersion, polar and hydrogen bonding interactions to the 
solubility parametEr. According to this theory, the solubility 
parameter is related to the relative dispersion (~d)' polar (£p) and 
hydrogen bonding (6h) contributions by the following equation: 
r-
-=-
= 
2.1.6 Entropy of Mixing 
(2.12) 
The entropy of mixing (S) can be considered as the increase in the 
disorder of a system due to the formation of a mixture. The entropy 
change is always positive and tends to promote mixing. 
are the probabilities of a random mix and complete segregation 
respectively the entropy of mixing, according to the Boltzmann 
equation, is: 
(2.13) 
k of equation (2.13) is the Boltzmann constant. Flory (1942) and 
Huggins (1942a,b,c) independently evaluated the quotient (W 1 /W 2 ) for 
polymer-solvent systems. They considered the constituent molecules of 
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a solution to be arranged on a theoretical regular lattice, defined so 
that each solvent molecule occupied one site whilst each polymer 
molecule occupied a sucession of nearest neighbour sites. This is 
illustrated by Fig. 2.1. 
Figure 2.1 Two-Dimensional Lattice Models 
a. Mixture of Two 
Non-polymer Liquids 
b. Polymer Molecule located 
in The Liquid lattice 
, 
:0 
:0 
A---i-
The configurational entropy change, due to the increase in the number 
of ways of arranging solvent and polymer molecules on the lattice when 
a solution was formed, was given by: 
L.. 5 (2.14) 
where R is the Gas constant, nl and n2 are the number of moles and 0 1 
and O2 are the volume fractions of solvent and polymer respectively 
in the mixture. 
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Gee (1947) estimated the magnitude of ~ S for the mixing of liquids 
with a molar volume of 100cm3 and polymers with a molar volume of 
100000cm3 • On mixing one cm3 of each at room temperature the entropy 
increases (expressed as the product of entropy and temperature) were 
about: 
Liquid + Liquid 
Liquid + Polymer 
Polymer + Polymer 
34.7 J 
17.4 J 
0.03 J 
The entropy of mixing was estimated to be much lower for the mixing of 
a liquid and polymer than for the mixing of two liquids ~f low molar 
volume. The entropy of mixing for two large volume polymers was so 
small that even a small positive value for the heat of mixing would 
render the free energy of mixing positive (equation 2.2) with 
resulting immiscibility. 
2.1.7 Free Energy of Mixing 
By the use of a semi-empirical heat of mixing term (the Flory-Huggins 
interaction parameter X), Huggins (1947) combined equations 2.2, 2.8 
and 2.14 to express the free energy of mixing as: 
(2.15) 
The first two terms in the parentheses, representing entropy 
contributions, are negative. The third term, representing the 
enthalpy contribution, is positive and opposes dissolution. The 
parameter X (sometimes represented as ~) is a dimensionless quantity 
characterising the interaction energy for a given polymer-solvent pair 
divided by kT (Flory, 1953). The quantity X kT represents the free 
energy of transfer of a molecule of solvent from the pure solvent 
phase to the pure polymer phase. In fact, the parameter X is composed 
of two terms, one an temperature-dependent enthalpy term, the other a 
temperature-independent entropy-related term. X can, therefore, be 
represented as: 
X = XH/kT + Is (2.16 ) 
The heat of mixing CA H) is then defined as: 
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t::. H (2.17) 
2.1.8 Phase Separation 
Differentiation of equatl'on (2 15) 'th t t 
. loll respec 0 nl gives the 
partial molar free energy of mixing 
t::. GI IRT = In al 
= In 0 1 + (1 - 1 Im) O2 + X 0 2 2 (2.18) 
where al is the activity of the solvent and m is the ratio of the 
molar volume of the polymer to that of the solvent. 
For most polymer-solvent combinations, X is positive and increases 
with decreasing temperature as the solvent becomes poorer, t::. G"IX and 
~ GI therefore become progressively less negative until, at a critical 
value Xc, they become positive and demixing or phase separation 
occurs. In binary polymer-solvent systems, equilibrium between two 
phases requires that t::. GI/RT be the same in both phases. This 
corresponds to the requirement that the first and second derivative of 
t::. ~I/RT with respect to O2 be zero. Applying this requirement to 
equation (2.16) (see for example, Doolittle, 1954) result in 
expressions for the critical composition Sc and Xc at the critical 
solution temperature Tc , to the molar volume ratio m: 
(2.19 ) 
Xc = (1 + mO, S ) 2 I 2m = O. 5 + (1 I mO, S ) (2.20) 
The critical solution temperature (also called upper consolute 
temperature) is the temperature above which solution is complete 
across the complete concentration range. Phase separation occurs 
below Tc. Equation 2.20 indicates that, as the ratio m increases 
(with increased polymer molecular weight, for example) Xc falls. The 
critical value exceeds 0.5 by a small increment, which depends on the 
polymer molecular weight. At infinite molecular weight Xc equals 
0.5. It should be noted that some polymer-solvent systems (for 
example HPMC in water) exhibit phase separation when the temperature 
is raised. Inverted solubility phenomena (more commonly referred to 
Page 52 
as thermal gelling) is generally caused by a competition between 
polymer-polymer association and solvation. This results from 
heterogeneity of the polymer or solvent, giving rise to two distinctly 
different types of polymer-solvent interactions. Of the two 
interactions one corresponds to a positive and one to a negative heat 
of mixing, and two X values may be required to represent the situation 
(Doty, in Doolittle, 1954). 
Using the preceeding equations (2.18 - 2.20) Small (1953) and others 
have determined the conditions for the equilibrium of two phases by 
numerical calculation. The theoretical phase equilibrium diagram for 
selected values of the molar volume ratio m is shown in Fig. 2.2. 
Figure 2.2 Phase Equilibrium In Binary Solvent-Polymer Systems 
(After Small, 1953) 
2.0 Single Phase Region 
m CD 
m 1000 
1.5 m 100 
x ~ 1.0 m 30 
~ 
m 10 
0.5 
Two-phase Region 
o 0.2 0.4 0.6 0.8 1.0 
Volume Fraction of Polymer 
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For convenience, Small used 1/X as the ordinate. Other workers (for 
example, Shultz and Floiy, 1952) have employed temperature as the 
ordinate although the form of the plot is identical. Doollttle, 1954 
has noted that practically determined phase equlibrium plots show good 
agreement 
with calculated plots for different molecular weight 
fractions of a polymer. The significant feature of the plots is the 
extreme asymmetry such that the curves almost coincide with the X 
axis for low 0& values. Thus, the theory predicts that the solvent is 
readily soluble in the polymer even at large values of X, but the 
polymer will dissolve in the solvent only very near the critical 
point, and then only to a small extent. At values of X lower than v-Ac 
(or lower than the limiting value of 0.5) miscibility is complete. 
Areas above the curves in Fig. 2.2 are Single-phase regions 
representing complete thermodynamic miscibility. Those beneath the 
curve represent two-phase regions of partial miscibility. When m is 
large, the critical composition is nearly all solvent. 
Below the critical temperature, i. e. when x > y AC , the phases exist as 
a highly swollen polymer gel in equilibrium with substantially pure 
solvent. The nature of the curves shown in Fig. 2.2 explain why 
certain liquids may cause swelling of a polymer accompanied by 
negligable solubility. For example, even at a X value of 1.0, about 
30% (by volume) of the solvent would be imbibed by the polymer at 
equilibrium. Obviously, two phases must be present and it is clear 
from the asymmetry of Fig. 2.2 that the second phase will be 
essentially pure solvent. But it may be present in such a small 
amount as to be unnoticable. 
2.1.9 Determination of Flory-Huggins Interaction Parameters 
Values of X have been determined for a number of polymer-plasticizer 
I t I ( 1967) measured systems. Anagnostopo os ea. X for various 
.. blends bv the depression of crystalline melting point PVC-plastlclzer J 
technique. Good correlation was observed between values of X and 
the incidence of exudation of plasticizer from a standard PVC 
formulation. Where X was less than 0.5 for any system the polymer 
and plasticizer were thermodynamically compatible at all compositions. 
The technique, which is relatively simple in application, is 
unfortunately only of use for polymers having a definite crystalline 
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structure which can be visualised using hot-stage optical microscopy. 
Other methods which have been applied with some success include 
measurement of swelling in cross-linked polymers (Bristow and Watson, 
1958a) and measurement of intrinsic viscosity (Bristow and Watson, 
1958b, 1958c). In the former case, the method is of use only for 
rubbers or polymers showing rubber-like behaviour. The latter method 
utilises the relationship: 
where x is the polymer chain length, VI is the molar volume of the 
plasticizer, [?] is the intrinsic viscosity of the polymer in the 
plasticizer, [?]e is the intrinsic viscosity of the polymer in a theta 
solvent, and K represents a term which is dependent on the specific 
volume of the polymer and its molecular weight. 
Values for K in equation (2.21) have only been evaluated for a few 
rubbers. The intrinsic viscosity method is of interest to pharmacy, 
however, since Entwhistle and Rowe (1979) have used the measurement of 
intrinsic viscosities to characterise interactions between the film 
coating polymers, Pharmacoat 606 (an HPMC) and ethylcellulose, and 
commonly used plasticizers. From the form of Equation (2.21) it can 
be seen that, generally, the lower the magnitude of X the higher will 
be the intrinsic viscosity. The rank correlation for compatibility 
between a given polymer and a series of potential plasticizers may 
well be somewhat different, however, depending on whether X or [?] is 
used as the criterion. 
2.1.10 Application of Polymer-Solvent Phase Equilibria to 
Plasticization 
A potential plasticizer for a given polymer can be regarded as a 
specialised type of solvent. It follows from the preceeding discussion 
that, for a given polymer-plasticizer mixture at a specified 
temperature, if the interaction parameter X is greater than k the 
system is thermodynamically incompatible. Two phases will be formed, 
the composition being determined by the value X. Where X is less 
than Xc, the polymer and plasticizer will be compatible or mutually 
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miscible':' in all proportions. When the molar volume ratio m is very 
large, X must be less than or equal to 0.5 in order to ensure 
miscibility throughout the entire range of composition. The magnitude 
of the difference between X and Xc characterises the degree of 
compatibility. For example, where X is only slightly less than Xc, a 
reduction in the temperature of the system may reduce the solvent 
efficacy sufficient to cause phase separation. 
Doolittle (1954) observed that there appeared to be a strong 
correlation between X values and plasticizing ability. In the case 
of polyvinyl chloride (PVC), for example, the best plasticizers were 
dibasic esters and phosphate esters having molecular weights of about 
300 or more. These systems had very low X values and were miscible 
in all proportions. In contrast, hydrocarbon molecules having large 
values of X tended to separate out until the equilibrium (two-phase) 
composition was attained. This action is known as "sweating out". The 
relationship between X, phase separation and plasticizer efficiency 
has been demonstrated by Anagnostopolos et al. (1965). 
2.1.11 Application of the Hildebrand-Scatchard Relationship to 
Polymer-Plasticizer Compatibility 
The heat of mixing defined by the Hildebrand-Scatchard equation (2.7) 
can be used to replace the term X H the heat contribution to the 
Flory-Huggins interaction parameter (equation 2.15) so that: 
(2.22) 
The formation of a single phase compatible polymer-plasticizer mix 
th Xc. Combl'nl'ng equations 2.20 and 2.22 occurs when X is less an 
results in the following expression for compatibility: 
(1 + mO ' s ) 2 / 2m > Xs + V I (~I - g2) 2 IRT (2.23) 
The term Xs is dependent on the effective coordination number z of 
the quasi-Iatice assumed in the derivation of Flory and Huggins 
I t 11 In fact this original model. In theory Xe should be equa 0 z. 
is true only for the simplest lattice model where the polymer is 
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considered to be a rod composed of cubic monomers of coordination 
numbe '" 7 = ~. In all other cases Xs l·S la"'g d . • _ u • er an exper1mental values 
generally range from 0.3 to 0.5. If an average value for Xs of 0.4 
is assumed, then expression 2.23 can be used to express the likelyhood 
of compatibility in terms of the maximum allowable difference in 
polymer and plasticizer solubility parameters, i.e. 
(2.24) 
Thus giving: 
L.6" A X 2 = RT [( (1 + mO. ~ ) 2 / 2m) - Xs] / V I (2.25) 
On this basis the criterion for compatibility would be that (~I - £2) 
should be less than 6"AX where the subscripts 1 and 2 denote the 
plasticizer and polymer respectively. Since the difference is 
squared, this is true for both positive and negative values of 
The condition for polymer-plasticizer compatibility can therefore be 
expressed as: 
Using equation 2.25 values for ~"Al can be estimated. AT 25°C with RT 
= 2477.66 Jmcl-
' 
then, for a polymer and plasticizer of molar volumes 
20000cm~ and 200cm 3 respecti ve I y and Xs = 0.4, then £" A X = 2.54 
2.2 Materials and Methods 
Until comparatively recently, the use of plasticizers in polymers of 
pharmaceutical interest has been limited to the field of tablet film 
coating and packaging materials. Plasticizing agents have been added 
to film coating solutions to improve the film forming properties of 
the coating solution and enhance the servicability of the dried coat. 
Interest has been expressed in the incorporation of plasticizing 
agents into polymeric binding agents used in wet-massed granulation, 
with the view to enhancing overall compactability and reducing capping 
tendency (Wells and Khan, 1982; Wells et al., 1982; Krycer et al., 
1983). 
Page 57 
To be effective a plasticizer must interpose itself between polymer 
chains, reducing inter-chain forces, thereby extending and softening 
the polymer matrix. Efficiency is not, however, an absolute property 
of a plasticizer since it is dependent on the end use properties. The 
rank order of a series of plasticizers can vary considerably according 
to the property measured (Rowe, 1982). In consequence it is usual to 
define the most efficient plasticizer as one that gives the best 
balance of end properties for the amount incorporated. It follows 
that to be most effective the plasticizer must be compatible with the 
polymer. To date, the choice of plasticizers for tablet film coats 
has generally been empirical. The solubility parameter approach to 
polymer - plasticizer compatibility has been used with some success 
for ethylcellulose film coats (Entwistle and Rowe, 1979; Abdul-Razzak, 
1983). A thermodynamic approach was adopted here, therefore, to study 
factors affecting the compatibility of polymeric binders and potential 
plasticizers. 
2.2.1 Binding Agents 
Film-forming polymers commonly used as binders in aqueous wet-massed 
granulation were selected to give a range of physical and mechanical 
properties. These were: 
2.2.1.1 Polyvinylpyrrolidone (PVP) 
PVP is widely used in the pharmaceutical industry as a tablet binder, 
solubilizer and thickening agent. It is manufactured by the 
polymerization of the monomer N-vinylpyrrolidone to yield a linear 
polymer with 
weight grades 
commercially 
the structure shown in Fig. 2.3. A number of molecular 
(varying with the degree of polymerization) are 
available. Number average molecular weights (Mn) 
typically range from 1300 to 360000 Da. Grades used in the present 
work were Kollidon K25 and K90 (BASF UK Ltd.) having number average 
molecular weights of 10000 and 360000 Da respectively. PVP is readily 
soluble in many solvents, including water, and is very hygroscopic. 
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Figure 2.3 Molecular Structure of Polyvinylpyrrolidone 
CH 2-CH2 
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2.2.1.2 Hydroxypropyl Methylcellulose (HPMC) 
HPMC is derived from cellulose, a linear polymer containing repeating 
anhydroglucose units. Treatment of the cellulose with methyl chloride 
and propylene oxide in turn, result in methoxyl and hydroxyproxyl 
etherification on the hydroxyl groups of the anhydroglucose backbone. 
The general structure of HPMC is shown in Fig. 2.4. The principal use 
of HPMC is as a film-former in the film coating of tablets. A range 
of viscosity grades, determined by the molecular weight and its 
distribution, are available. Lower viscosity grades are particularly 
suited to aqueous film coating and are also employed as binders in 
wet-massed granulation. Higher viscosity grades are used in solvent 
film coating and as matrix-formers in the formulation of controlled 
release dosage forms. HP MC is readily soluble in water and some 
organic solvents. The material used in the present work was a low 
viscosity grade, Methocel E5 (Colorcon Ltd.). 
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Figure 2.4 Molecular Structure of Hvdroxvpropyl Methylcellulose 
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Z.2.1.3 Pregelatinised Starch (Starch 1500) 
Pregelatinized starch is widely used as an excipient in the 
formulation of solid dosage forms. Applications include its use as a 
filler in capsule and direct compression tablet formulations and as a 
binder in conventional wet-massing. Starches consist of a mixture of 
two polysaccharides, amylose and amylopectin. The relative amounts 
depend on the source of" the starch but are usually about 30% amylose 
to 70% amylopectin (Merck 1983). Amylose is a linear polymer composed 
of a-l,4 anhydroglucose units. Amylose shows a marked tendency to 
associate due to hydrogen bonds between the linear chains and is the 
main film former of starch. Amylopectin, in contrast, has a highly 
branched structure consisting of short amylose chains connected via 
a-l,6-linkages. Pregelatinised starch is a physically modified corn 
starch which differs from compendial maize starch principally in its 
increased cold water solubility. The material used in the present 
work was Starch 1500 (Colorcon Ltd.). 
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2.2.2 Potential Plasticizers 
No compound exists as a universal plasticizer ~ se for all polymers. 
In fact, a molecule which is an efficient plasticizer for one polymer 
may be less efficient for a second polymer or may not act as a 
plasticizer at all. A number of general requirements for a suitable 
plasticizer have evolved, however, and these can be summarised as: 
- compatibility (miscibility with the polymer) 
- efficiency (producing the optimum balance of end properties) 
- permanence (high boiling point and low volatility) 
The intended use of the polymers selected for the present work, i.e. 
tablet binders in aqueous wet-massing, imposed additional criteria 
with respect to plasticizer selection. Thus, the potential 
plasticizers should exhibit good aqueous miscibility and low 
toxicity. The compounds selected in this work for screening as 
potential plasticizers consequently comprised a number of polyhydric 
alcohols and polyethylene glycols. In addition, a history of usage 
(particularly with HPMC) suggested that the compounds listed below 
were particularly worthy of evaluation. 
- Ethylene glycol 
- Propylene glycol 
- Hexylene glycol 
- Glycerol 
_ Polyethylene glycols (PEGs) 200, 400, 600, 1500, 4000 and 6000 
hll of the potential plasticizers used were reagent grade, supplied by 
BDH Ltd., Poole, Dorset. Ethylene glycol. although not meeting the 
criteria for low toxicity, was included as the monomeric subunit of 
the PEGs. 
2.2.3 Estimation of Polymer Solubility Parameters 
The compatibility of an amorphous polymer and plasticizer is dependent 
primarily upon the heat or mixing. The magnitude of the heat of 
mixing is determined, to a great extent, by the difference between the 
solubility parameters of the polymer and plasticizer. It follows 
that, when the solubility parameter for a potential plasticizer is 
approximately equal to that of a polymer, the heat of mixing will be 
small. Thermodynamic compatibility is then assured by the entropy of 
mixing. A comparison of the difference between the solubility 
parameter values for a polymer and potential plasticizers should, 
therefore, provide a guide to their compatibility in the solid state. 
In this work, solubility parameters were determined using the method 
of Burrell (1975). This involved determining the solubility parameter 
range of each polymer in three classes of solvent (capable of poor, 
moderate or strong hydrogen- bonding). The solvent groups have been 
selected so that the values increase in reasonable constant steps 
within each hydrogen-bonded class. A solubility parameter range 
(rather than a single value) is obtained for the polymer. This has 
the advantage of indicating the practical allowable difference which 
can be tolerated between the absolute values for the polymer and 
solvent. 
The solvent spectra proposed by Burrell (1975) and given in Table 2.1 
were used, supplemented by additional solubility data published by the 
suppliers of the polymers. Other workers, for example Iyengar and 
Erickson (1967), have used solvent spectra covering a wider range of 
values. The probability of specific interaction of the polymer with 
solvents such as water having very high £ values and strong hydrogen-
bonding propensity leads to some doubt as to the validity of polymer 
values obtained using such solvents. 
A sample of each polymer, 19 in each case, was taken and added to 
100ml of the solvent at room temperature. After agitation the 
resultant mixture was observed. If the mixture formed was a single 
phase with absence of turbulence or gel particles, the polymer was 
judged soluble. In cases where solubility was not immediately 
apparent, the mixture was heated to about 60o C, to speed dissolution, 
and observed again after cooling to room temperature. 
Solubility parameter values of solvents which do dissolve the polymer 
mark the limits of the solubility range. The mid-points of the 
solubility parameter ranges can be taken as single value parameters 
for some purposes. Gee (1943) has pointed out, however, that these 
values will not necessarily agree with values obtained by other 
methods. 
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Table 2.1 Solvent Spectra for Determining Solubility Parametpr Ranges 
(after Burrell, 1975) 
Solvent 
Poorly Hydrogen Bonded 
n-Pentane 
n-Heptane 
Methylcyclohexane 
Toluene 
Tetrahydronaphthalene 
o-Dichlorobenzene 
1-Bromonaphthaiene 
Nitroethane 
Acetonitrile 
Nitromethane 
Moderately Hydrogen Bonded 
Diethyl ether 
Diisobutyl ketone 
n-Butyl acetate 
Methyl proprionate 
Dibutyl phthalate 
Dioxane 
Dimethyl phthalate 
2,3-Butylene carbonate 
Propylene carbonate 
Ethylene carbonate 
Strongly Hydrogen Bonded 
2-Ethyl hexanol 
Methyl Isobutyl Carbinol 
2-Ethylbutanol 
n-Pentanol 
n-Propanol 
Ethanol 
Methanol 
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Solubility Parameter £ 
(J m- 3 ) 0 • ~ 
14.3 
15.1 
16.0 
18.2 
19.4 
20.5 
21. 7 
22.7 
24.3 
26.0 
15.1 
16.0 
17.4 
18.2 
19.0 
20.4 
21. 9 
24.8 
27.2 
30.1 
19.4 
20.5 
21. 5 
22.1 
24.3 
26.0 
29.7 
2.2.4 Estimatio~ of FlorY-Hugglns Parameters 
In view of the limitations placed on the experimental measurement of 
the value of the interaction parameter at room temperature (250C) was 
estimated by recourse to equation (2.22): 
x = Xs + V \ (t\ - t 2 ) 2 / RT 
All symbols are as previously defined. The value of )(S, the entropic 
contribution to the Flory-Huggin interaction parameter, was taken to 
be 0.4, consistent with experimentally determined values (Hildebrand 
and Scott, 1950). Thus, by substituting values of the solubility 
parameter for polymer and potential plasticizer, and the molar volume 
of the potential plasticizer, the value of X for the system can be 
estimated. Values of X for binders HPMC and PVP, and the potential 
plasticizers were calculated using solubility parameter data given in 
Table 2.2. 
Table r') .., Some Physico-chemical Properties of Potential Plasticizers ....... 
(after Burrell (1975) ) 
Potential Molar Mass Molar Volume Solubility Parameter 
PI asti ci zer (Da) (cm3 at 25° C) (J m- 3 ) 
Water 18.0 18.0 47.9 
Ethylene glycol 62.1 55.8 29.7 
Propylene glycol 76.1 73.3 25.8 
Glycerol 92.1 73.4 33.8 
Hexylene glycol 118.2 128.4 19.8 
PEG 200 200 177.4 24.5 
PEG 400 400 354.6 24.5 
PEG 600 600 531. 9 24.5 
PEG 1500 1500 1239.6 24.5 
PEG 4000 4000 3300.3 24.5 
PEG 6000 6000 4950.5 24.5 
1'S derl'ved from nominal molar masses and Note: Data for PEGs 
densities given by BDH Ltd., Poole, Dorset 
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2.2.5 Intrinsic Viscosities 
A number of terms can be used to describe the viscosity of a solvent, 
solution or dispersion. The intrinsic viscosity [?] is of particular 
value since it provides a simple but quantitative evaluation of the 
interaction between a polymer and solvent (or potential plasticizer). 
[?] is usually determined graphically from a plot of specific 
viscosity (?sp) or the natural log of relative viscosity (In?REL) 
against concentration from the intercept of an extrapolation to zero 
concentration. Intrinsic viscosities have the dimensions of reciprocal 
concentration, and where the concentration is expressed in gdl- 1 , the 
intrinsic viscosity has units of dl.g-l. 
Inn the present work, intrinsic viscosities were determined for the 
soluble polymers, HPMC and PVP in potential plasticizers where 
adequate solubility was found. Solutions in the concentration range 
0.1 to 0.3 g.dl- 1 (corrected for the moisture content of the polymer) 
were prepared in each solvent/plasticizer. Solutions were 
ultrasonicated for 30 minutes then allowed to stand for 24 hours to 
achieve ful I solvation of the polymer. After making up to volume with 
the solvent, the viscosity of each solution was measured at 25.0o C ~ 
0.2°C using an Ubbelodhe capillary viscometer. The viscometers used 
were all works calibrated and were chosen to give efflux times 
sufficiently long to avoid the need for a kinetic correction. The 
method employed was essentially that specified in B.S. 188 (1977) with 
the exception that the viscometers were cleaned prior to each 
determination with a proprietary cleaning agent (Decon 90) rather than 
chromic acid. The viscosity of the pure solvents was also determined 
as above. 
The kinematic viscosity (v) in mm 2 .s- 1 was calculated from the efflux 
time (t) using the following relation: 
v = C.t (2.26) 
where C was the calibration constant (mm 2 .S-2) for the viscometer 
used. 
Graphical determination of intrinsic viscosity is laborious especially 
where many solvent systems are to be evaluated. Single point methods 
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for determining intrinsic viscosity overcome this limitation but many 
are applicable only to specific polymer-solvent combinations. Such 
methods include the Schulz-Blaschke and Matthes intrinsic viscosity 
determination for PVP (Buhler and Klodwig, 1984). Rudin and Wagner 
(1975) reported the development of a single point method, showing 
excellent agreement with multipoint intrinsic viscosities, for a wide 
range of polymers and solvents. This method was sucessfully used to 
determine intrinsic viscosities of cellulose ethers used for tablet 
film coating (Entwistle and Rowe, 1979) anp was therefore employed in 
the present work. 
2.2.6 Evaluation of Solid State Compatibility 
In this work, the optical method of detecting incompatibility was 
selected since the technique is simple and provides information about 
the nature of the incompatibility. In addition, the problems caused 
by the influence of residual solvent on the glass transition 
temperature of the polymer (Tan and Challa, 1976) could be avoided. 
Polymer-plasticizer blends were prepared by making an aqueous solution 
of the polymer to which was added the aqueous miscible plasticizer in 
quan~ities up to 50% by weight of the final dried film. Polymer 
solutions were prepared using the following methods: 
HPMC E5: Solutions of HPMC (10% w/w) were prepared by dispersing the 
polymer in about half of the required amount of hot water. When the 
polymer was adequately wetted cold water was added with stirring to 
give the final required weight. 
PVP K25 and PVP K90: A quantity of PVP to give either a 10% w/w 
solution (PVP K90) or a 50% w/w solution (PVP K25) was dispersed in 
slightly less than the total required amount of cold water. When the 
polymer was adequately hydrated, the solution was made up to weight 
with cold water. The dissolution of PVP in water was accompanied by 
the evolution of heat indicative of specific interaction between the 
solvent and polymer, probably the hydrogen bonding of water to the 
oxygen of the pyrrolidone ring. 
Starch 1500: Initial studies indicated that the pregelatinized 
starch, when simply slurried in cold water, failed to form a coherent 
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film. Consequently, the more traditional method af starch gelation 
was used to yield films suitable for compatibility stUdies. A 5% w/w 
gel was prepared by dispersing the starch in slightly less than the 
required amount of cold water, heating to 90o C, and maintaining this 
temperature for 15 minutes with constant stirring. After cooling the 
gel was adjusted to weight by the addition of cold water. 
Double distilled water was used as the vehicle for all the polymers; 
dispersion of the polymers was achieved by means of an Ultra Turrax 
turbine mixer. The mass of polymer taken for the solutions was 
corrected for the moisture content of the polymer. Potentia I 
plasticizers were added to give the required loading to the freshly 
prepared polymer solutions. Liquid plasticizers were added directly 
to the solution with vigorous stirring. Solid plasticizers, i.e. the 
higher molecular weight PEGs, were dissolved in a small quantity of 
water prior to addition to the polymer solution to ensure homogeneity. 
The polymer-plasticizer blends were stored overnight for air bubbles 
to be removed before casting onto cleaned and degreased petri dishes. 
The casts were then dried in a laminar flow screen under ambient 
conditions (20 - 25°C, 40 - 60% RH). Unplasticized polymer solutions 
were also cast as controls. 
Dried films were examined visually, using low power magnification 
where necessary, for evidence of i ncompa ti b i I i ty, i. e. phase 
separation as indicated by blooming (loss of film clarity and lustre) 
or exudation of plasticizer from the polymer matrix. Films showing no 
immediate sign of incompatibility were re-examined after one week at 
room conditions. 
2.3 Results and Discussion 
2.3.1 Entropy of Mixing 
Table 2.3 shows the calculated configurational entropy of mixing, 
calculated using Equation 2.14, for the polymers PVP K25, PVP K90 and 
HPMC E5 with a range of potential plasticizers. ,.; .. : 
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Table 2.3 Estimated Entropy of Mixing for Some Polymeric Binders and 
Potential Plasticizers at 25°C 
Plasticizer Molar Volume Entropy of Mixing 
(cm3 ) (J) 
PVP K25 HP MC PVP K90 
(mol. vo I. ) (mol. vo I. ) (mol. vo I. ) 
23000 cm 3 261000 cm 3 932000 cm3 
Water 18.0 95.5 95.4 94.4 
Ethylene 55.8 30.8 30.7 30.4 
Glycol 
Propylene 73.3 23.5 23.4 ,..,~ 
,., 
I-v .... 
Glycol 
Glycerol 73.4 23.5 23.4 23.2 
Hexylene 128.4 13.4 13.4 13.3 
Glycol 
PEG ZOO 1 T7. 4 9.7 9.7 9.6 
PEG 400 356.4 -,+.9 4.8 4.8 
PEG 600 531. 9 3.2 3' . ~ 3.2 
PEG 1500 1239.6 1.5 1.4 1.4 
PEG 4000 3300.0 0.6 0.5 0.5 
PEG 6000 4950.0 0.4 0.4 0.3 
Molar volumes for PVP, HPMC and the plastici=ers were estimated from 
molecular weight and density data supplied by the respective suppliers 
(BASF, Colorcon and BDH). The data was expressed in terms of the 
energy change occuring at room temperature (Z5°C) on mixing 1 cm l of 
each component. It was not possible to reasonably estimate the molar 
volume of Starch 1500, hence the entropy of mixing could not be 
calculated. To a first approximation, the magnitude of the entropy 
change would probably be similar to that observed for the other 
polymers. 
The results show that the entropy of mixing is relatively insensitive 
to the size of the polymer, but falls markedly as the molar volume of 
the plasticizer increases. Water, being a small molecule. is a good 
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solvent in terms of entropy. Practical experience sUbstanliates this 
since HPMC and PVP are read~ly soluble in water at room 
temperature. For the glycols, particularly the PEGs, the 
configurational entropy of mixing is very much reduced, however. The 
free energy of mixing ultimately determines miscibility between 
polymer and plasticizer. This depends on the balance between enthalpy 
and entropy changes as noted previously (Equation 2.2). Where the 
entropy change is small, the enthalpy of mixing becomes the 
significant factor. In such cases even a small positive enthalpy 
would give a positive free energy of mixing, resu I ti ng in 
immiscibility. Data presented in Table 2.3 suggests that, since the 
entropy of mixing will be small, compatibility between polymeric 
tablet binders and plasticizer will be dependent on the size of the 
enthalpy change. 
2.3.2 Solubility Characteristics of PVP, HPMC and Starch 1500 in 
Solvents of Differing Hydrogen-bonding Propensity 
The solubility characteristics of PVP (K25 and K90), HPMC (E5) and 
Starch 1500 in solvents of strong, moderate and poor hydrogen-bonding 
propensity are shown in Figs. 2.5 to 2.7. 
Data were compiled from estimations of the solubility of each polymer 
in the solvents comprising Burrell's solvent spectra and was 
supplemented by published solubility results. The data is represented 
by ternary solubility plots, in which the axes represent the relative 
fractional contributions of dispersion, polar and hydrogen-bonding 
components of the solvent solubility parameter. Relative fractional 
contributions for the solvents were abstracted from the literature 
(Hansen and Skarrup, 1967; Burrell, 1983), It has been suggested that 
the data could be presented in terms of a three-dimensional volume 
although this is harder to visualise than the ternary solubility plot. 
The allowable solubility parameter ranges for room temperature 
dissolution of the polymeric binders are given in Table 2.4. The 
solubility parameter limits reported do not necessarily correspond 
directly with Burrell's solvent spectra since published solubility 
data for additional solvents was included. 
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Figure 2.5 Ternary Solubility Diagram For PVP 
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Figure 2.6 Ternary Solubility Diagram For HPMC 
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Figure 2.7 Ternary Solubility Diagram For Starch 1500 
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Table 2.4 Solubility Parameter Ranges for Polymeric Binding Agents In 
Solvents Of Different Hydrogen Bonding Propensity 
Polymer Solubility Parameter Range (Jm- 3 )O.5 
Poorly H-bonded Moderately H-bonded Strongly H-bonded 
HPMC 21.7 - 24.8 20.7 - 25.6 
PVP 19.4 - 26.0 20.5 - 30.1 19.4 - 29.7 
Starch 1500 47.9 
PVP exhibited solubility solubility in all three solvent classes. No 
difference in solubility characteristics was detected for two 
molecular weight fractions of PVP (K25 and K90). This implies that 
the nature and magnitude of inter-polymer forces are very similar over 
the molecular weight range considered. Only poorly and moderately 
hydrogen-bonded 
non-solvents for 
indicates that 
solvents with low solubility parameter were 
PVP. The ternary solubility diagram (Fig. 2.5) 
non-solvents for PVP are characterised by high 
fractional dispersion contributions to the overa 11 solubility 
parameter. In contrast, solvents exhibit high fractional polar and/or 
hydrogen-bonding contributions. PVP was readily soluble in strongly 
such as glycerol or water, having hydrogen-bonding solvents, 
solubility parameters in excess of those comprising Burrell's solvent 
spectra. The dissolution of PVP in such solvents probably involves 
specific molecular interaction (hydrogen-bonding) and the evolution of 
heat when PVP dissolves in water supports this. 
Construction of the ternary solubility diagrams reveals some 
inconsistencies in dissolution behaviour. For example, 1-4 dioxane 
(£ = 20.5 (Jm- 3 )O.5) is a non-solvent for PVP while ethyl lactate, 
having the same solubility parameter and hydrogen-bonding propensity, 
is a solvent. The difference in solubility results from the greater 
relative polar and hydrogen bonding contributions to the solubility 
parameter of ethyl lactate. 
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Unlike PVP, HPMC exhibits no appreciable solubility in poorly hydrogen 
bonded solvents. In moderately and strongly hydrogen bonded solvents, 
dissolution over a range of solubility parameters was observed. The 
ternary solubility plot for HPMC (Fig. 2.6) indicates, however, that 
criteria for dissolution of HPMC are much more stringent than for PVP. 
~lany liquids having large fractional hydrogen bonding contributions 
are ~olvents for PVP but are non-solvents for HPMC. In common with 
PVP, inconsistencies in the solubility spectrum for HPMC were 
observed. For example, HPMC is freely soluble in acetic acid (£ = 
20.7 (Jm-3)O.~), formic acid (£ = 24.8 (Jm-3)O.~) and furfuryl alcohol 
(~ = 25.6 (Jm- 3 )o.~) but is sparingly soluble in the alcohols (2-ethyl 
butanol, n-pentanol and n-butanol) of intermediate solubility 
parameter. The statement that a polymer will be soluble in all 
solvents between its upper and lower solubility parameter limits 
(Burrell, 1975) is, therefore, over-simplistic. The relative 
contributions of dispersion, polar and hydrogen bonding to the overall 
solubility parameter are significant, even with solvents of the same 
nominal hydrogen bonding propensity. 
Starch 1500 shows no appreciable room temperature solubility in any 
of the solvents comprising Burrell's solvent spectra. The literature 
indicates a similar dearth of room temperature solvents for starches, 
although Cowie (1965) observed that amylose (a component of starch) 
was readily soluble in ethylenediamine and dimethylsulphoxide and 
soluble, to a lesser extent, in formamide and water. These were 
presented as solvents in Fig. 2.7. The very poor solubility 
characteristics can be explained in terms of the molecular structure 
of starches which, unlike PVP or HPMC, exhibit a large degree of 
pseudocrystalline order. This is readily detectable by the 
birefringence which is visible when starch grains are viewed between 
crossed polarising filters. The physical modification involved in the 
production of pregelatinised starches may disrupt the gross 
crystallinity of the grain but does not disrupt crystallinity at the 
molecular level. In consequence, pregelatinised starches exhibit low 
solubility, even in strongly hydrogen-bonding solvents, at 
temperatures below the crystalline melting point. 
The allowable solubility parameter limits for solubility for the three 
polymers in poor, moderate and strong hydrogen-bonding solvents are 
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reported in Table 2.4. Single value solubility parameters (calculated 
as the middle of the range and expressed to one decimal place) are 
in Table 2.5 along with the allowable difference for polymer recorded 
solubility. 
Table 2.5 Single Value Solubility Parameters 
Binder Solubility Parameter (Jm- 3 )o.s 
Poorly H-bonded Moderately H-bonded Strongly H-bonded 
HPMC 22.2 .!.. 1. 6 23. 1 + 2.5 
PVP 22.7 + 3.3 25.3 + 4.8 24.5 + 5.2 
Burrell (1975) commented that mid-range values might not agree with 
single point solubility parameters obtained from other methods such as 
viscometry or swelling measurements. At present, there appears to be 
no other published data on experimentally determined solubility 
parameters for PVP, HPMC or Starch 1500. Rowe et al. (1986) 
calculated solubility parameters for a range of cellulosic film 
coating materials, using group molar attraction constants reported by 
other workers. The following ~alues were reported for HPMC: 
16.1 (Jm- 3 )o.s (method of Small, 1953) 
21.5 (Jm-')o,s (method of Hoy, 1970) 
24.4 (Jm-> )0.5 (method of van Krevelen and Hoftyzer, 1976) 
Experimental results for HPMC (Table 2.5) show reasonable agreement 
with solubility parameters calculated using the group molar attraction 
constants of Hoy (1970) and van Krevelen and Hoftyzer (1976). 
However, the solubility parameter calculated using the data of Small 
(1953) is much smaller and clearly falls outside of the experimentally 
established limits for HP MC solubility. This discrepancy is probably 
due to the arbitrary low molar attraction constant assigned by Small 
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to the hydroxyl group (present in large numbers in HPMC) compared to 
the constants assigned by the other workers. The practical use of 
solubility parameters calculated using molar group attraction 
constants is limited, however, since no account is taken of the 
influence of hydrogen bonding. In contrast, solvent spectra 
determinations have the advantage of indicating practical solubility 
parameter limits for a polymer in sovents of different hydrogen 
bonding propensity. But it was not possible to determine solubility 
parameter limits for Starch 1500 using the solvent spectra method due 
to its mininimal solubility in any class of solvent. On the basis of 
intrinsic viscosity measurements in a mixed solvent system, Cowie 
(1963) suggested that amylose (the minor component of starch) had a 
solubility parameter of about 25 (Jm- 3 )0.'. No estimate was made for 
the solubility of amylodextrin. On a practical basis, the solubility 
characteristics of starches, including Starch 1500, are determined by 
the predominant polymer crystallinity. 
One criterion for polymer-plasticizer compatibility is that the 
difference between the solubility parameter values for the polymer 
and plasticizer should be less than some maximum limiting value. If 
the molar volumes of the polymer and plasticizer are known, an 
estimate of this limit can be made by recourse to Equation 2.25. 
Determination of the solubility parameter ranges for the polymers, 
however, gives a practical evaluation of the limit. Applying this 
concept to the potential plasticizers, solubility parameter 
differences between the binders PVP and HPMC and potential 
plasticizers were calculated. These are reported in Table 2.6. 
Solubility parameters for the plasticizers were abstracted from the 
literature. Values for the monomeric glycols were those obtained from 
the latent heats of vaporisation as published by Burrell (1975). The 
low volatility of polyethylene glycols meant that solubility parameter 
values could not be determined directly. Solubility parameter ranges 
for the dissolution of Carbowax 4000 in solvents of different hydrogen 
bonding propensity have been published (Burrell, 1975). It was 
established empirically, that the solubility parameter range in 
strongly hydrogen-bonded solvents (£ = 19.4 to 29.7 (Jm- 3 )o.") was 
applicable to all PEGs in the molecular weight range 200 to 6000 Da. 
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Table 2.6 Solubility Parameter Differences Between Potential 
Plasticizers and Polymeric Binding Agents 
Solubility Parameter 
( J m- 3 ) 0 • s 
Solubility Parameter Difference 
(Jm- 3 )o.s 
HP MC PVP 
Ethylene glycol 29.9' 1) 6.8 5.4 
Propylene glycol 25.8' I) 2.7 1.3 
Hexylene glycol 19.8") -3.3 -" ~. 7 
Glycerol 33.8 1 I) 10.7 9.3 
PEG 200 24.6'2) (23. 7' 3' ) -1.5 (0.6) 0.1 (0.8) 
PEG 400 24.6'2' (23.2 13 ) ) -1. 5 (0.1) 0.1 ( 1. 3) 
PEG 600 24.6'2' (20.5' 4 ) ) -1.5 (2.6) 0.1 (4.0) 
PEG 1500 24.6(2) -1.5 0.1 
PEG 4000 24.6'2' (23. rl s, ) -1.5 (0.6) 0.1 (0.8) 
PEG 6000 24.6';:' (23.7'S') -1.5 (0.6) 0.1 (0.8) 
(1) Burrell (1975) 
(2) Burrell (1975) - derived from midpoint of solubility range 
(3) Vaughan (1985) - single point solubility parameter 
(4) Kawakimi et at. (1976) - single point solubility parameter 
(5) Otozai and Toyama (1976) - single point solubility parameter 
Note: Data in parentheses refer to published single point solubility 
parameters and the respective solubility parameter difference. 
The midpoint of the range for Carbowax 4000 was taken to be the 
solubility parameter tor PEGs. But, with the exception of PEG 1500. 
single value solubility parameters for PEGs were also reported in 
the literature and these values were included in the data for Table 
2.6 for comparison. In all cases. the single point solubility 
parameters for PEGs fell within the solubility parameter ranges 
reported for Carbowax 4000. With the exception of PEG 600. the single 
point values showed reasonably good agreement with the midpoint of the 
solubility parameter range. The potential plasticizers (including the 
solid PEGs) were all classified as strongly-hydrogen bonded solvents 
because of the presence of hydroxy I groups. Consequent I y, so I ubi I i ty 
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parameter differences were calculated using the mid-range single value 
solubility parameters tor PVP and HPMC in strongly hydrogen-bonded 
solvents. 
Comparison of the data in Tables 2.5 and 2.6 show that, with the 
exception of ethylene glycol and glycerol, all the potentia I 
plasticizers had solubility parameters which fell within the 
practically determined compatibility limits for PVP. In the case of 
propylene glycol and the polyethylene glycols (with the exception of 
PEG 600) the solubility parameter difference was small. This implied 
almost ideal miscibility, since the heat of mixing would be so low, 
that the free energy change would be determined primarily by the 
positive entropy of mixing. 
The solubility parameter differences for PVP with ethylene glycol and 
glycerol exceeded the apparent compatibility limits determined from 
Burrell's solvent spectrum. But it is well known that both ethylene 
glycol and glycerol are solvents for PVP, falling within the 
solubility limits defined by Fig. 2.5. The magnitude of the solubility 
parameter differences indicated that, in thermodynamic terms at least, 
they were poor solvents and dissolution occured only because of 
specific interaction (presumably hydrogen bonding). The thermodynamic 
inferiority of solvents having a large solubility parameter is 
supported by observations (Blecher et al. (1983» that methanol (£ = 
29.7 (Jm-1)0. 5) is a better solvent for PVP than water (g = 47.9 
( J m- 3 ) 0 • 5 ) • 
With HPMC, the solubility parameter differences between the polymer 
and potential plasticizers (Table 2.6) indicated thermodynamic 
incompatibility or immiscibility in al I cases apart from the PEGs. 
With the exception of PEG 600, the PEGs considered all exhibited 
solubility parameter differences which fell within the practical 
limits for compatibility. 
The 
2.3.3 Estimation of Flory-Huggins Interaction Parameters 
and Phase Separation Criteria 
solubility parameter approach offers a semi-quantitative 
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indication of compatibility based on the heat of mixing. It suffers, 
however. in that it does not readily quantify the degree of 
polymer-plasticizer interaction. In this respect the Flory-Huggins 
interaction parameter X is important since it provides a quantitative 
index of interaction also taking account of the influence of 
plasticizer molar volume on compatibility. The Flory-Huggins 
interaction parameter characterises the degree of interaction between 
a polymer and a solvent or potential plasticizer. Where X is less 
than the limiting value of 0.5, the theory predicts miscibility in all 
proportions. Values above 0.5 indicate progressively lower degrees of 
interaction between polymer and plasticizer and a greater tendency to 
phase separation. Where X for a system exceeds a critical value Xc, 
determined by the ratio of the polymer and plasticizer molar 
';01 umes, phase separation is assured. The cri tical interaction 
parameter Xc and the associated critical composition 0c 
separation have been defined earlier (section 2.1). 
at phase 
In the present work, published data for the molecular weight and 
density of the polymers and plasticizers was used to calculate the 
respective molar volume ratios and estimate the critical values. Xc 
and 0 c • This data for PVP KZS, K90 and HP MC E5 with the potential 
plasticizers. is reported in Table ~ -, ...... {. 
Refering to Table 2.7 it can be seen that for both PVP K90 and HPMC, 
k is small (tending to the limiting value of 0.5 with the monomeric 
glycols) and the critical composition 0c is nearly all solvent. This 
is a consequence of the large molar volume ratios lm) for these 
polymers and the potential plasticizers. This is true even for the 
higher molecular weight PEGs which have considerably greater molar 
PVP K25, l'n contrast, has a smaller molar volumes than the monomers . 
. I II lar volume ratios with the volume and correspondlng y sma er mo 
plasticizers, particularly with the higher molecular weight PEGs. 
This is not significant for the monomer plasticizers, however, and Xc 
still tends to 0.5 with a critical composition which is nearly ~ll 
solvent. 
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Table 2.7 Phase SeEaration Criteria 
Plasticizer PVP K25 HPMC E5 PVP K90 
m Xc !!le m Xc !!le m Xc !!le 
Ethylene 412 0.55 0.95 4677 0.51 0.99 16702 0.51 0.99 
glycol 
Propylene 314 0.56 0.95 3560 0.52 0.98 12715 0.51 0.99 
glycol 
Hexylene 179 0.58 0.94 2031 0.52 0.98 7253 0.51 0.99 
glycol 
Glycerol 314 0.56 0.95 3560 0.52 0.98 12715 0.51 0.99 
PEG 200 130 0.59 0.92 1471 0.53 0.97 5254 0.51 0.98 
PEG 400 65 0.63 0.89 732 0.54 0.96 2615 0.52 0.98 
PEG 600 43 0.66 0.84 491 0.55 0.96 1752 0.52 0.98 
PEG 1500 19 0.76 0.82 211 0.57 0.93 752 0.54 0.96 
PEG 4000 -; 0.95 0.73 79 0.62 0.97 282 0.56 0.94 , 
PEG 6000 5 1. 07 0.68 53 0.65 0.88 188 0.57 0.93 
Note: 
"V critical interaction parameter for phase separation Ac 
!!le critical composi tion for phase separation (plasticizer volume 
fraction) 
m polymer/plasticizer molar volume ratio 
In the case of PVP K25 and the higher molecular weight PEGs, the molar 
volume ratio is considerably smaller. As a consequence, Xc is larger 
and the critical composition contains a higher proportion of the 
polymer. Thus, the theory predicts that the plasticizers will be less 
soluble in PVP K25 than in PVP K90 or HPMC. Conversely, PVP K25 will 
be more soluble in the plasticizers than either PVP K90 or HPMC. 
Table 2.8 reports the interaction parameters for PVP K25, PVP K90 and 
HPMC E5 with the potential plasticizers, calculated at 25°C using 
Equation (2.22). The value of the interaction parameter X is 
determined by the sum of the enthalpy and the entropy contributions. 
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Table 2.8 Florv - Huggins Interaction Parameters tor Potential 
Plasticizers and Polymeric Binding Agents 
Flory - Huggins Interaction Parameter (X) 
Plasticizer HPMC E5 PVP 
v 
.A. X 
Ethylene glycol 1. 04 1. 44 0.65 1. 05 
Propylene glycol 0.21 0.61 0.05 0.45 
Hexylene glycol 0.56 0.96 1. 14 1. 15 
Glycerol 3.34 3.74 2.56 2.96 
PEG 200 0.16 (0.03) 0.56 0.0007 (0.05) 0.4007 
PEG 400 0.32 (0.001) 0.72 0.0014 (0.24) 0.4014 
PEG 600 0.48 (1. 45) 0.88 0.0021 (3.43) 0.4021 
PEG 1500 1. 12 1. 52 0.005 0.405 
PEG 4000 2.99 (0.48) 3.39 0.013 (0.85) 0.413 
PEG 6000 4.49 (0.72) 4.89 0.02 (1. 28) 0.42 
Note: 
XH is the enthalpic contribution to the total interaction parameter. 
Figures in parentheses are v values determined using single point .A.H 
solubility parameters for PEGs. 
Estimation of the enthalpy contribution XH is dependent only on the 
molar volume of the plasticizer and the assumptions implicit in the 
determination of the polymer and plasticizer solubility parameters. 
This value is given in Table 2.8 in addition to the total parameter. 
The magnitude assigned to the entropy contribution is, however, an 
estimate based on generic values reported for other systems and as 
such has no practical basis. Typically, Xs is reported to have 
values in the region 0.3 - 0.5 and a value of 0.4 was therefore 
selected for the present work. The value chosen for X6 may have a 
considerable influence on the magnitude of X. Figure 2.8 illustrates 
the theoretical variation of X with ~ for different plasticizer 
molar volumes and solubility parameter differences. 
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Figure 2.8 Dependence of v X r I 
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The resulting plots lead to a number of observations. When the 
potential plasticizer is a relatively small molecule, the 
Flory-Huggins interaction parameter is highly dependent on Xs and is 
relatively independent of any difference between the solubility 
parameter of polymer and plasticizer. In contrast, where the 
potential plasticizer has a large molar volume, the magnitude of the 
solubility parameter difference becomes critical. Small deviations of 
the plasticizer solubility parameter from that of the polymer result 
in a large interaction parameter irrespective of the value of Xs. 
Data presented in Table 2.8 suggest that none of the potential 
plasticizers are thermodynamically ideal for HPMC since, in all cases, 
the interaction parameter X exceeded the critical value Xc. The 
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results consequently predict that a mixture of HP MC with any of the 
plasticizers will form a two h t 
-p ase sys em. The asymmetry of the 
theoretical phase equilibrium curve (Fl'g. 2 2) , d' 
. ln lcates that one 
phase will be almost pure plasticizer 1 or so vent (polymer-poor), while 
the other wi 11 be a solution of the 1 t' , P as lClzer in the polymer 
(polymer-rich). Depending on the magnitude of the interaction 
parameter, the molar volume ratio and the relative proportions of 
polymer and plasticizer, the amount of 1 t' P as lcizer in the polymer-poor 
phase may be so small as to be practically undetectable. The system 
may appear to be a compatible single phase although, in reality, two 
phases must be present. 
The magnitude of the interaction parameters, and the phase equilibrium 
curves (Fig. 2.2) appropriate to the molar volume ratios suggest that 
PEG 200 and propylene glycol would exhibit the greatest apparent 
compatibility with HPMC. Hexylene glycol, ethylene glycol and the 
other liquid PEGs would be expected to exhibit a reduced but still 
considerable solubility in HPMC. In contrast, the large interaction 
parameters evident for glycerol and the higher molecular weight PEGs 
indicated that solubility of the plasticizer in the polymer would be 
far more limited. For the homologous series of polyethylene glycols, 
X increased with increasing molecular 
decreasing solubility in HPMC. 
weight consistent with 
With the exception of hexylene glycol, the potential plasticizers 
exhibited greater interaction with PVP than with HPMC as demonstrated 
by the lower values for the interaction parameter. Values of X for 
PVP with the polyethylene glycols and propylene glycol were less than 
0.5. This was indicative of thermodymamic compatibility or 
miscibility at all compositions. As with HPMC, the interaction 
parameter increased as the molecular weight of the PEGs increased. 
But this was insignificant due to the close similarity of the 
solubility parameters for PVP and the PEGs. Hexylene glycol, ethylene 
glycol and glycerol all had interaction parameters which exceeded the 
critical value Xc indicating the probability of phase separation. X 
values for hexylene glycol and ethylene glycol were considerably lower 
than for glycerol consistent with greater solubility in the polymer. 
The interaction parameters reported are identical for PVP K25 and K90 
since the same solubility parameter was assigned in each case. 
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However, the lower polymer/plasticizer molar volume rati~sin the case 
ot PVP K2S would result in lower solubility of the plasticizer in the 
polymer for two-phase systems. 
2.3.4 Intrinsic Viscosities 
Int~insic viscosities were dete 'd ' rmlne uSing the single-point model 
developed by Rudin and Wagner (1975). Th 
e model assumes the existence 
of non-interpenetrating solvated polymer entities. Consequently 
solution concentrations used must be small to avoid intermolecular 
interference. The equ t' 'd a lons require to calculate [?J are summarised 
below. 
The volume fraction (0) of swollen polymer molecules in solution at 
concentration C (g cm- 3 ) is given by: 
o = (0.524 C Eo ) / (0.524 P + C Eo -1) (2.27) 
a 
P is the solid density of the polymer (g cm- 3 ) and Eo, the infinite 
dilution swelling factor, is given by: 
Eo = P [Q) / 2.5 (2.28) 
The application of Equation 2.27 is limited to concentrations such 
that 0 < C < 0.524p because of the assumption in the model of a high 
concentration boundary condition corresponding to cubic packing of 
uniform spheres. The Newtonian flow of suspensions of polymeric 
spheres is described by: 
Qo/Q = 1 - 2.50 + 110s - 11.507 (2.29) 
where Qo and Q are solvent and solution viscosities respectively. If 
the ratio Qo/Q is known at a single concentration, then Equation 2.29 
can be solved for 0. The resulting value and known C yield a value for 
Eo in Equation 2.27 and this enables [Q] to be obtained from Equation 
2.28. Equations 2.27 and 2.28 can be combined to give: 
[Q] = 0 (1.31p -2.5C) / (C P) (0.524 -0) (2.30) 
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Equations 2.29 and 2.30 will therefore yield [?J from known ?o/? and 
Corresponding C. 
The roots of Equation 2.29 may be solved, for example, by successive 
quadratic factorisation. Only one of the seven roots obtained is 
real, positive and in the range 0 < ~ < 0.524 as ~ required by the 
model. There is therefore no ambiguity in the value of required to 
yield [?J. In the present work, 0 was determined by an algolrithm 
written in BASIC for th BBC . e mlcrocomputer. Equation 2.29 was 
evaluated using incremented values of 0 within the limits 0 to 0.524 
until agreement with experimentally determined values for ?o/? to a 
precision of ~ 0.000001 was obtained. The value of 0 obtained was 
then used, with the appropriate value for C, to give [?J (Equation 
2.30). 
A number of workers have determined the value of the interaction 
parameter from determinations of the intrinsic viscosity of a polymer 
in various solvents. The method requires a knowledge of polymer 
properties which have been enumerated for very few polymers and as 
such the method is limited in its general applicability. However, the 
equation used (Equation 2.21) implies an inverse form of relationship 
between the interaction parameter X and the intrinsic viscosity [?J. 
Determination of [~] for the polymer-plasticizer systems used in the 
present work therefore provides a direct experimental check on the 
reliability of conclusions drawn from the interaction parameter data. 
Intrinsic viscosities determined at 25°C for PVP and HPMC in the 
liquid plasticizers are reported in Table 2.9. 
HPMC was insufficiently soluble in ethylene glycol, hexylene glycol or 
glycerol to allow viscosity measurements to be made. This is in 
excellent agreement with conclusions drawn from solubility parameter 
data and the magnitude of the interaction parameters. Intrinsic 
viscosity was maximal in PEG 200 and only marginaily lower in 
propylene glycol. Increasing the molecular weight of the PEGs resulted 
in a reduction in the measured intrinsic Viscosity. These results 
correlated directly with the degree of interaction determined from 
estimations of the Flory-Huggins interaction parameter. 
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Table 2.9 Single Point Intrinsic Viscosities of Some Polymeric 
Binders 
Solvent/Plasticizer Intrinsic Viscosity (I'll (dl g-I) 
PVP K25 HPMC E5 PVP K90 
Ethylene Glycol 0.16 N/E 1. 62 
Propylene Glycol 0.23 0.58 1. 88 
Hexylene Glycol 0.21 0.49 1. 60 
Glycerol 0.15 N/E 1. 55 
PEG 200 0.24 0.60 1. 93 
PEG 400 0.21 0.56 1. 69 
PEG 600 0.17 0.51 1. 11 
N/E Not evaluated 
3imilar results were observed both for PVP K25 and PVP K90. The order 
of magnitude of difference in intrinsic viscosities for the K25 and 
K90 grades reflected their difference in molecular weight. With the 
PVPs. intrinsic viscosities were considerably lower with glycerol and 
ethylene glycol. in agreement with the magnitude of ;: for these 
solvents. 
2.3.~ Solid State Compatibility 
The "acid test" of the thermodynamic approach to! the problem of 
polymer-plasticizer compatibility is to determine whether predictions 
made on the basis of solubility parameters or interaction parameters 
are sUbstantiated in practice. This involves the preparation or 
polymer-plasticizer mixtures and examining for evidence of phase 
separation. Suitable mixes may be prepared from the condensed state 
or melt. or by casting a film from a common solvent. The latter 
method was chosen in the present work using water (double distilled) 
as the so I vent. 
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Some criteria for discerning compatibility have been defined by Bohn 
(1975). These are: 
ltansition temperature measur t ~~~~~~~~~~~~~~UJe~m~eun~s: Where the polymer and plasticizer 
have glass transition temperatures (Te) or melting points sufficiently 
far apart to be 1 
reso ved by differential thermal analysis (DTA) or 
differential 
scanning calorimetry (DSC), 
indicated by the dissapearence of the single 
Compatible blends therefore show a single Te. 
then compatibility is 
component isotherms. 
Optical Methods: Compatibility is indicated by the clarity of a film, 
cast from a homogeneous solutl"on of the polymer-plasticizer. Films 
exhibiting no heterogeneity when examined under considerable 
magnification are consl"d d t ere 0 be compatible. Unlike transition 
temperature, the optical method offers the advantages of ease and 
simplicity. 
The transition temperature method provides a relatively unambiguous 
method of assessing compatibility, although some blends may give 
complex thermograms which cannot readily be evaluated (Entwistle and 
Rowe, 1979). Bohn (1975) suggested that the optical method might 
prove ambiguous when polymer and plasticizer have the same refractive 
index. This limitation is rarely a problem in practice since phase-
separated plasticizers may also be detected by tactile means. Visual 
and tactile methods form the basis of ASTMs D2383-69 and D3291-74 for 
the determination of plasticizer compatibility in PVC plastics. 
Unplasticized HPMC E5 and PVP K90 readily formed continuous films 
which were perfectly transparent and homogeneous. PVP K25 was a much 
poorer film former, frequently cracking and crazing on drying, 
although film fragments were transparent and homogeneous. This was 
considered to be because of its considerably lower molecular weight. 
Coherent Starch 1500 films could only be formed after gelation and 
were translucent and inhomogeneous. Polymer films were also prepared 
with increasing levels of the potential plasticizers. The cast, dried 
films were evaluated visually and by tactile examination fOf evidence 
of incompatibility or phase separation. Incompatibility was defined 
as any reduction in film clarity (blooming) in comparison with the 
unplasticized controls Of any oily exudation of the liquid 
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Plasticizers Th ff . 
. e e ectlve compatibility limit was then defined by 
the level of plasticizer incorporation (Wei~ht in weight) at which 
incompatibility was first detected. The observations, summarised in 
Table Z.10, indicated 
considerable differences in compa ti b i I i ty 
between the polymers and the plasticizers. Nevertheless, a number of 
general trends were evident. 
Table 2.10 Binder - Plasticizer Compatibility in the Solid State 
Plasticizer 
Ethylene glycol 
Propylene glycol 
Hexylene glycol 
Glycerol 
PEG 200 
PEG 400 
PEG 600 
PEG 1500 
PEG 4000 
PEG 6000 
Key to symbols: 
C 
B 
E 
2.3.5.1 
Binder 
HPMC PVP K25 PVP K90 Starch 1500 
20E C C 50 (10E) 
50E C C 50 (10E) 
30E C C 58 
20E C C 50 (10E) 
50E C C 30 (108) 
40E C C 20 (lOB) 
30E C C 5B 
30B 5B lOB 58 
20B lB 58 58 
17.5B 0.5B 2.58 5B 
compatible (miscible) in all proportions 
incompatible (film appears opaque or bloomed) 
incompatible (plasticizer detectable as oily 
exudate, film clarity as control) 
Solid state Compatibility of HPMC 
HPMC was observed to be incompatible with all of the plasticizers 
considered, although the level of plasticizer at which incompatibility 
was detected varied between plasticizers. PEG 200 and propylene glycol 
exhibited the greatest "apparent" compatibility. Phase separation by 
exudation was detected only after inclusion of 50% plasticizer by 
Page 88 
We ight in the film. Phase separation for the other glycol monomers 
occured at considerabl y lower levels. In the case of hexylene glycol 
exuda ion was noted at the 30%w / w inclusion level, while for glycerol 
and ethY le ne gl ycol this was reduced to 20%w/w. The apparent 
compatibili ty showed a consistent decrease with increasing molecular 
weight for t he pol yethylene glycols. Incompatibility with the solid 
PEGs was dete cted as an opaque bloom, although only PEG 6000 exhibited 
a low e r compatibilit y limit than the liquid plasticizers. Inspection 
of the HPMC-iolid PEG films indicated that the solid PEGs 
p hase-separated as distinct crystal spheru lites. These 
i l l ustrated in Fig. 2 .9. 
Figure 2 . 9 Phase Separation of PEG 1500 in Aqueous-Cast HPMC Films 
(V iewed under crossed polarising filters) 
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are 
From 
the arguments developed in preceeding sections, it was expected 
that 
none of the potential plasticizers screened would be ideally 
campatib\ 
e, i.e. miscible in all proportions with HPMC. On the basis 
of So I ubi! ity parameter t" t" th I I es lma lons, e g yco monomers were 
identified 
as non-solVents for HPMC unlike the polyethylene glycols. 
In the latter case, similarity between polymer and plasticizer 
solubil"t 1 Y parameters was indicative of potential miscibility. 
In all c 
ases, the magnitude of Flory-Huggins interaction parameters 
calculated for HPMC 
and the potential plasticizers 
limiting value of 0.5 or the 
was greater than 
the 
critical value Xc. I ncompati bi I i ty, 
characterised by the formatl"on of two-phase systems, was consequently 
not unexpected. H 
owever, because of the asymmetry of polymer-solvent 
phase diagrams, the I se p asticizers which were non-solvents could be 
soluble in the polymer to a considerable extent. Determinations of X 
suggested that optimum interaction would be between HPMC and low 
molecular weight 11"qUl"d PEG s and propylene glycol. These data agreed 
wel I with polymer-plasticizer interactions determined directly by 
intrinsic viscosity measurement, as would be expected from the 
interrelation of X and [~) (section 2.1.8). 
Limits of apparent compatibility in aqueous cast films (Table 2.10) 
paralleled the estimated magnitude of the Flory-Huggins interaction 
parameters. This reflected the enhanced solubility of the plasticizer 
in the polymer at lower values of X. The nature of the 
phase-solubility curve indicated that two phases must coexist even at 
compositions below that when phase separation was detected. But for 
plasticizers, such as PEG 200 or propylene glycol, the amount of 
plasticizer exuded was at such a low level as to be undetectable. The 
film compositions at which incompatibility was detected for HPMC - PEG 
400 mixes and HPMC - PEG 4000 mixes, were in reasonable agreement with 
values determined using differential thermal analysiS (Okhamafe and 
York, 1983) . The high values of X estimated for glycerol or the 
higher molecular weight PEGs were indicative of poor polymer-
plasticizer interaction and low solubility of the plasticizer in the 
polymer (in addition to low solubility of the polymer in the 
plasticizer). This was confirmed by results of the solid state 
compatibility stUdies. 
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2.3.5.2 Solid State Compatibility of PVP 
Both low (K2S) and high (K9D) I I mo ecu ar weight grades of PVP, 
exhibited complete compatibill'ty 'th th I Wl e g ycol monomers and the low 
molecular weight liquid PEGs. In all cases, the films retained the 
clarity and homogeneity of the unplasticized controls. At plasticizer 
excess of 50%w/w, however, the blends increasingly adopted levels in 
the consistency of a highly viscous solution rather than an amorphous 
solid film. Solid PEGs were observed to be incompatible with PVP and, 
in common with HPMC, the apparent compatibility limit decreased with 
increasing PEG molecular. The greater compatibility of solid PEGs 
with PVP K9D compared with PVP K25 reflected the difference in 
molecular weight between the two polymers. 
Only glycerol and ethylene glycol exhibited solubility parameter 
values (Table 2.6) outside of the range, as defined by Burrell's 
solvent spectra (1975), for PVP. On this basis alone, compatibility 
would be expected with all of the potential plasticizers except 
glycerol and ethylene glycol. Flory-Hug~ins interaction parameters 
for PVP with propylene glycol or the PEGs were calculated to be less 
than 0.5 indicating miscibility in all proportions. But, as noted 
earlier, the higher molecular weight solid PEGs proved to be 
incompatible with PVP in spite of their calculated low values for '. 
This deviation from expected behaviour could arise from a number of 
factors such as the very low entropy of mixing for polymer blends or 
the propensity of solid PEGs for crystalline alignment. These factors. 
o~erating independently or in concert, tend to oppose ideal 
miscibility in polymer systems. Values of X greater than 0.5 for PVP 
with ethylene glycol, hexylene glycol or gl/cerol indicated a 
progressive decrease in polymer-plasticizer interaction. This was 
substantiated by intrinsic viscosity measurements. 
The total compatibility of glycerol and ethylene glycol with PVP was 
not expected in view of the solubility parameter differences and the 
reiatively large values for Similar discrepancies 
in the 
solubility characteristics of ethyl celluose have been noted recently. 
Robinson (1989) observed that ethyl cellulose was soluble in ethanol 
and methanol with calculated X values of 1.56 and 1.95 respectively. 
This behaviour is explained by the limitations of the solubility 
parameter approach and the Flory-Huggins theory when specific 
polymer-solvent association occurs. Water, for example, dissolves PVP 
by forming hydrogen bonds with the oxygen group ot the pyrrQlidQn~ 
ring. This reaction exhibits a negative heat of mixing which ensures 
complete miscibility. In the context of the present work, it seems 
probable that glycerol and ethylene glycol behave in an analogous 
manner. 
2.3.5.3 Solid State Compatibility of Starch 1500 
Starch 1500, consistent with its very poor solubility characteristics, 
exhibited the lowest compatibility with the potential plasticizers. 
Hexylene glycol and polyethylene glycols (with the exception of PEG 
200 and PEG 400) caused blooming in cast films at loadings of only 5% 
w/w. Furthermore, incorporation of the "plasticizers" impaired film 
formation when compared with the unplasticized control. Starch films 
containing hexylene glycol or the solid PEGs were qualitatively weaker 
and showed a tendency to powder. Films containing PEGs 200 and 400 
at levels up to 30%w/w and 20%w/w respectively, at first appeared 
identical in appearence to the unplasticized control. Similarly 
propylene glycol, ethylene glycol and glycerol inclusion at levels up 
to 50lw/w appeared compatible at first. However, after storage for 
one week under ambient conditions, phase separation was apparent in 
films containing 10%w/w or more of the above mentioned potential 
plasticizers. In the case of the PEGs this was evident as blooming, 
whereas exudation of glycerol, propylene glycol and ethylene glycol 
occured. This may be due to a synerisis-type response. Tactile 
evaluation suggested that the extent of exudation was lower for 
glycerol than for propylene glycol or ethylene glycol. 
The poor miscibility of Starch 1500 with the potential plasticizers is 
consistent with the strong intermolecular forces associated with a 
high degree of polymer cystallinity. Plasticization of such polymers 
is generally limited. It appears likely, therefore, that satisfactory 
plasticization of Starch 1500 will not be feasible in practice. 
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2.4 Conclusions 
For a plasticizer to modify effectively the mechanical properties of 
a polymer, the two components must be brought ° tOtO t I I 1n 0 1n 1ma e, mo ecu ar 
mix. The miscibility of a polymer and plasticizer is essentially 
determined by the same considerations which apply to non-polymeric 
solutes and solvents, i.e. the free energy of mixing must be negative. 
This condition is achieved when the net balance of the heat of mixing 
and the entropy of mixing is negative. This is favoured by a large 
positive entropy change or a large negative heat of mixing. As a 
general observation, the converse situation is true for mixtures 
involving pclymers. It was possible to estimate the configurational 
entropy of mixing, for mixtures of PVP or HPMC with potential 
plasticizers, by means of the lattice model discussed in section 2.5. 
The entropy change for polymer-plasticizer mixes was considerably 
smaller than for analogous aqueous solutions, decreasing significantly 
with increasing plasticizer molar volume. It was inferred from these 
resu:ts that the sign and magnitude of the free energy of mixing would 
be determined primarily by the heat of mixing. On this basis even 
small positive heats of mixing would lead to immiscibility 
According to the theory of Regular Solutions proposed by Hildebrand 
and Scott (1950), the heat of mixing for two components will be zero 
when their solubility parameters are the same. Under guch conditions, 
miscibility will be assured even when the entropy of mixing is very 
low. Using Burrell's solubility spectra (1975), supplemented by 
manufacturers solubility data it was possible to estimate the 
effective solubility parameters of PVP and HPMC in solvents of 
differing hydrogen-bonding propensity. PVP was soluble in solvents 
which were poor, moderate or strongly hydrogen bonded across a wide 
range of solubility parameters. The solubility parameter requirements 
for HPMC were much stringent and, while solubility in some moderate 
and strongly hydrogen bonded solvents was observed, solubility in 
poorly hydrogen-bonded solvents was precluded. Starch 1500 exhibited 
exceedingly limited solubility even in strongly hydrogen-bonded 
solvents. This was a result of the crystalline nature of starches 
and, as a consequence, it was not possible to estimate the solubility 
parameter of Starch 1500. 
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Using published values for the relative fractional dispersion, polar 
and hydrogen bonded solubility parameters for known solvents and 
non-solvents, the solubility characteristics of the polymers could be 
represented by ternary solubility diagrams. This had the advantage of 
highlighting those solvent characteristics essential for miscibility 
It was noted that solvents of the same solubility or compatibility. 
parameter and nominal hydrogen-bonding propensity could either be 
solvents or non-solvents, depending on their relative fractional 
solubility parameters. 
On the basis of solubility parameters, monomer glycols were identified 
as non-solvents for HPMC. This implied that their potential as 
plasticizers would be limited by incompatibility. PEGs exhibited 
single-point solubility parameters which were similar to that for HPMC 
and there was considerable overlap of the solubility parameter ranges. 
PEGs were expected to be better solvents for HPMC and, consequently, 
to exhibit greater compatibility as plasticizers. Solubility 
parameter data for PVP indicates compatibility with all the 
plasticizers considered with the exception of ethylene glycol and 
glycerol. The latter solvents have solubility parameters which exceed 
the range defined by Burrell (1975) although, in practice, PVP is 
soluble in both. The apparent failure of the theory is a consequence 
ot the limits imposed on the range ot solvents comprising the 
solubility spectra. Dissolution in solvents which exhibit very high 
cohesive energy densities, such as ethylene glycol or glycerol, almost 
certainly proceeds via interactions involving a negative heat of 
mixing. The basis of the determination of polymer solubility 
parameters by the solubility approach is thus invalidated. Other 
workers, have used solvents covering wider ranges 
parameter but these were not used for the aforementioned 
or solubility 
reason. 
Solubility 
reasonably 
parameters for HPMC determined in present work show 
good agreement with the value determined trom molar group 
attraction constants lRowe et al. 1986). To date, no comparable 
values have been published for PVP so a similar comparison could not 
be made. 
The lattice model for polymer 
approach to the problem of 
dissolution provides a complementary 
polymer plasticization. The theory (by 
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means of the Flory-Huggins parameter, X> enables a quantitative 
evalution of the interaction between a polymer and a diluent such as a 
solvent or plasticizer. The theory also defines the conditions under 
which a mixture of the two components will exist as a single 
compatible phase or will separate into to".o w immiscible phases. 
In the present work it was not possible to determine X directly, but 
estimations were possible using data for the polymer solubility 
parameter, the polymer and plasticizer molar volumes and an assumed 
value for the entropic contrl"butl"on to X. Data for HPMC indicates 
that none of the potential plasticizers are thermodynamically ideal 
since, in all 
This supports 
cases, X exceeds the limiting critical value of 0.5. 
the qualitative predictions based on solubility 
parameters alone. 
It is apparent from the asymmetry of the polymer-solvent phase 
equilibrium diagram, that non-solvents for a polymer may dissolve in 
the polymer to a considerable degree. This has important consequences 
for the case of plasticization, since plasticizers which are 
thermodynamically i ncompatib I e may nevertheless facilitate some 
modification of the mechanical properties of the polymeric matrix. 
It is clear from the preceeding work that the use of high molecular 
weight PEGs as plasticizers for PVP, HP MC or Starch 1500 is 
thermodynamically unsound. The low entropy of mixing and the size and 
crystallinity of solid PEGs all act to oppose miscibility. The latter 
factor is probably of greatest importance and is likely to lead to 
complex effects in films. Thus, although high molecular weight PEGs 
apparently soften HPMC films, i.e. reduce the Brinell hardness, the 
Young's modulus of elasticity may exceed that of the unplasticized 
film (Rowe, 1976a). Masilungen and Lordi (1984) using penetration 
mode thermomechanical analysis showed that PEG 4000 was more efficient 
than propylene glycol in reducing the softening temperature of HPMC 
films. PEG 4000 was incorporated at levels at which, from the present 
work, crystallisation could occur so it seems likely that the 
softening measured would be a function of PEG crystalline melting in 
addition to HPMC softening. In general terms, then, it is clear that 
while similarity of the polymer and plasticizer solubility parameters 
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sufficient when either component has significant crystalline order. 
From the preceeding thermodynamic considerations and the results of 
solid state compatibility testing, PEG 200 has been identified (from 
those screened) as the optimum potential plasticizer both for HPMC and 
PVP. In contrast, the limited compatibility of Starch 1500 with any 
of the potential plasticizers suggests that satisfactory 
plasticization may be unattainable. 
The practical objectives of plasticization are, of course, to increase 
the ductility, flexibility, extensibility and workability of a 
polymer. Compatibility or miscibility of polymer and plasticizer at 
the molecular level is a necessary pre-condition to achieve this. But 
knowledge of the extent of miscibility or the molecular interaction 
involved, does not enable any prediction or inference of the degree of 
mechanical modification which may be achieved. A number of methods 
have been employed to characterise the mechanical properties of a 
polymer-plasticizer matrix. Tensile mechnical testing is one such 
method which is relatively simple in application but enables 
quantification of a number of fundamental properties. The influence 
of plasticizer type and level of incorporation on the tensile 
properties of polymeric tablet binders. consequently forms the subject 
of the following chapter. 
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CHAPTER THREE 
THE INFLUENCE OF PLASTICIZATION ON THE TENSILE PROPERTIES OF 
POLYMERIC TABLET BINDERS 
3.1 Mechanical Properties of Polymers and Their Measurement 
Most real materials, when subjected to some external stress, deform in 
a manner which has the characteristics both of elasticity and 
plasticity. Banker (1966) considered that the mechanical strength and 
bonding ability of polymers arose from forces of cohesion within the 
material and adhesion between the material and its substrate. The 
magnitudes of these forces depend on the molecular size and structure 
of the polymer. Intermolecular forces are generally very much weaker 
than intramolecular forces, but polymers of sufficiently high 
molecular weight may give rise to large numbers of in~ermolecular 
bonds resulting in high cohesive strength. The observed mechanical 
properties of 
Chapter four) 
polymers are a function of "free volume" (discussed in 
and thus will be modified by the presence of diluent 
molecules (plasticizers and residual solvents) and environmental 
temperature (Ferry, 1961). Depending on environmental temperature or 
composition, the mechanical properties of high molecular weight 
polymers may range between an almost ideal elastic state to an almost 
Newtonian viscous state. The observed properties will also be 
dependent on the test methodology, particularly strain rate. 
For high polymers there are five distinctly different regions of 
viscoelastic behavior; glassy, transition, rubbery, rubbery liquid. 
and liquid (Toblosky, 1971). While the change between regions is, in 
some respects, analogous to a phase change in true solids or liquids, 
it is not sharpely defined and is gradual. Whereas temperature and 
pressure are the independent variables for phase change. temperature 
and strain rate (or duration of straining) are responsible for 
viscoelastic transitions. True plasticization results in a lowering 
of the glass transition temperature (Ta) of the polymer-plasticizer 
blend. The influence of plasticization on the observed viscoelastic 
behaviour can therefore be interpreted in a manner analogous to the 
effect of increasing temperature. 
Quantification of deformation, for example by measuring the elongation 
of a material with increasing tensile load, enables information about 
fundamental mechanical properties to be derived. Figure 3.1 shows a 
typical plot of strain against applied stress (usually derived from a 
plot of displacement against applied force) 
failure in tension. 
for a material tested to 
Figure 3.1 Typical Plot of Applied Stress Against Strain for a 
Material Tested to Failure in Tension 
Stress at brea 
----------------------------------------------------------------
Stress 
Strain 
Strain at break 
Analysis of the plot allows the determination of a number of 
mechanical properties. The initial linear portion of the curve 
indicates that the deformation obeys Hooke'S law, i.e. the induced 
strain is directly proportional to the applied stress. The modulus of 
elasticity. or Young's modulus (E), is obtained from the slope of the 
regression of stress (~) on strain (El: 
E = £ 
E 
(3.1) 
When a material is stressed beyond its elastic limit it may fail 
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directly or it may continue to deform in a non-linear manner. Some 
materials, although not all polymers, show a distinct yield point, 
i.e. the first point on the stress-strain curve at which an increase 
in strain occurs without an increase in stress. By convention the 
yield strength, a measure of a material's resistance to permenant 
deformation, is defined: 
Yield Strength = force at yield point 
original cross-sectional 
area of test sample 
(3.2) 
The yield strength may also be defined in terms of the stress at which 
a material exhibits a specified limiting deviation from the 
proportionality of stress to strain. The ultimate tensile strength 
(UTS) is determined from the maximum applied force: 
= maximum force before failure 
original cross-sectional 
area of test sample 
(3.3) 
Where the maximum force occurs at the yield point, the ultimate 
tensile strength is termed "tensile strength at yield". Similarly, 
where the maximum force occurs at the break point, the ultimate 
tensile strength is termed "tensile strength at failure or break". A 
measure of the overall extensibility of the material is obtained from 
the strain (often expressed as a percentage) at failure. The area 
under the stress-strain curve (AUC) is a measure of the material's 
toughness and is equal to the work expended in straining unit volume 
of the sample to failure. 
Different materials may exhibit different characteristic stress-strain 
relations. A number of workers (Carswell and Nason, 1944; Lever and 
Rhys, 1968) have classified material properties on the basis of their 
charcteristic stress-strain curves. The classification of Lever and 
Rhys (1968) is given in Table 3.1. Stress-strain curves typical of 
these types of material are shown in Fig. 3.2. 
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Stress 
T"ble 3.1 
Material 
classification 
Soft, weak 
Soft, tough 
Hard, brittle 
Hard, strong 
Hard, tough 
Classification of Material Properties on the B"sis 
of Tensile Deformation (after Lever and Rhys, 1968) 
Yield point 
low 
low 
not defined 
high 
high 
Strain at 
failure 
low 
high 
low 
moderate 
high 
Modulus of 
elasticity 
low 
low 
very high 
high 
high 
Figure 3.2 Characteristic Stress-Strain Curves For Different Types 
of Materials (After Carswell and Nason, 1944) 
Soft, Weak Hard, Brittle Hard, Strong 
Stress Stress 
Strain Strain Strain 
Soft, Tough Hard, Tough 
Stress Stress 
Strain Strain 
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In the case of high polymers, the five distinct regions of 
viscoelastic behavior may be characterised by the type of 
stress-strain curve exhibited by a polymer in a particular region. At 
low temperature, i.e. below the glass transition region, or at very 
high strain rates a polymer behaves as an elastic glass. Tensile 
strength and elastic modulus are relatively high, but extensibility is 
low. As the temperature is raised, the polymer enters the transition 
region. Tensile strength and elastic modulus are decreased, but 
extensibility is increased. Polymers in this region, may show a 
ductile type of stress-strain curve, characterised by an elastic 
portion, a sudden fall-off of stress with increasing strain; then as 
strain is increased further the stress increases again. This process 
may be accompanied by the formation of a neck in the sample and is 
called cold-drawing. As the temperature is increased further (or 
strain rate is decreased) the polymer enters a region called the 
rubbery plateau. In this region long segments of the molecular chain 
are free to move, but they are constrained from slipping relative to 
each other by cross-links or entanglements. In the rubbery state, the 
polymer may be capable of undergoing considerable extension but, on 
removal of stress, returns to its original state. At still higher 
temperatures, the region of rubbery flow is attained. The polymer 
remains elastic and rubbery, but also has a finite component of 
plastic flow due to failure of cross-links or disentanglement. 
Finally, at the highest temperatures or after long periods of 
straining, nearly all cross-links and entanglements are uncoupled and 
the polymer flows as a viscous liquid. 
3.2 Mechanical Properties of Pharmaceutical Polymers 
The physical and mechanical properties of polymers of pharmaceutical 
interest have been examined by a number of workers. Much of this work 
has been carried out to assess film coating materials. Several papers 
have, however, addressed the relationship between mechanical 
properties and the performance of polymeric tablet binders. 
3.2.1 Tensile Properties of Unolasticized Polymers 
Munden et al., (1964) investigated the tensile properties of cast 
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films of vinyl, acrylic and cellulosic polymers. They reported that 
the quantity and nature of residual solvent in the films ~ffected the 
mechanical properties, although no detailed results were given. 
Healey et al .• (1974) produced the first significant paper 
characterising the tensile mechanical properties of 
polymers used as pharmaceutical tablet binders. 
classification of Carswell and Nason (1944) they determined 
hydrophilic 
Using the 
that the 
stress-strain curves for PVP (K29-32) and acacia were characteristic 
of weak materials; gelatin curves were characteristic of a hard, 
strong material, whilst curves for methylhydroxyethyl cellulose and 
starch were characteristic of hard, tough materials. The effect of 
moisture content on the properties of the polymers varied with the 
type of polymer and with the transition between bound and free water. 
Reading and Spring (1984a) investigated the effect of tensile strain 
rate and film curing temperature, as well as moisture sorption, an the 
mechanical properties of 
(gelatin hydrolysate 
(Methocel A1S) and PVP 
cast films of some polymeric tablet binders 
(Byco C), maize starch, methyl cellulose 
(40,000 Da». PVP was shown . to have 
significantly lower values for Young's modulus, ultimate tensile 
strength and toughness than the other three binders. Methylcellulose, 
however, exhibited significantly greater values of ultimate tensile 
strength, toughness and strain at failure. Both the strain rate and 
film moisture content (controlled by conditioning humidity) had 
significant effects in most cases. Increased moisture content was 
generally associated with a weakening of the films. An increase in 
strain rate resulted in a rise in Young's modulus, except for PVP 
which was unchanged, and a decrease in strain at failure. With the 
exception of PVP, which was unaffected, drying the films at 60°C 
rather than 20°C increased the film brittleness. 
Ononokpono and Spring (1988a) studied the tensile properties of 
methylcellulose and gelatinised maize starch films over a range of 
thicknesses from 6 to 70 ~m. They found there was a linear relation 
between film thickness and tensile strength, toughness, elastic 
resilience and elongation at failure. Young's modulus increased with 
decreasing film thickness particularly for films with a thickness less 
than 15 ~m. They concluded that, since binder films within a tablet 
granulation would have a thickness of only 0.1 to 0.2~m, they would be 
much weaker and more brittle than implied from previous tests on 
thicker films. 
Comparison of the results of various studies is limited since, as 
Lever and Rhys (1968) noted, the properties of polymers cannot be 
compared when different test protocols are used to determine them. 
Other workers have remarked on the difficulties in extrapolating the 
results of free-film studies to the mechanical behaviour observed in 
a real system (AlIen et al., 1972). Banker et al., (1966) suggested 
that free-film evaluation should not be the sole criterion for 
accepting or rejecting potential film coating materials. In contras t, 
Kanig and Goodman (1962) and Hawes (1978) made the important point 
that there are considerable benefits in studying free films in the 
absence of other variables. Zatz et aI., (1968) considered that free 
films only provided a model for evaluating gross properties, giving 
limited information on the molecular interactions which determined 
those properties. They suggested that the study of insoluble 
monolayer films at the air/water interface would give more fundamental 
information, but presented no results for such stUdies. Mendes (1968) 
also considered that .techniques for evaluating binders in isolation 
from tablet systems were unreliable. No evidence or comparisons were 
offered to substantiate this view. 
Radebaugh et al., (1988) suggested that data obtained from puncture 
and shear tests would complement the information obtained from more 
commonly used tensile tests. 
3.2.2 Effects of Plasticizers on The Tensile Properties of 
Polymers 
Plasticization is often necessary to improve both the workability and 
the servicability of a polymer. This is true for many film coating 
po I ymers. We 11 s et a I., (1982) and Krycer et a!., (1983) have also 
demonstrated improved tabletting performance for PVP binder, through 
the inclusion of potential plasticizers. The bulk of information on 
the plasticization of pharmaceutical polymers continues to relate 
mainly to film coating. 
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Porter and Ridgway (1977) observed that the inclusion of increasing 
amounts of diethyl phthalate resulted in a decrease in the ultimate 
tensile strength of some enteric coating polymers. Hawes (1978) 
reported the plasticization of HPMC by glycerol and PEG 400. 
Entwistle and Rowe (1979) studied the influence of chain length (for a 
series of dialkyl phthalates) and molecular weight (for a series of 
ethylene glycol derivatives) on the mechanical properties of 
ethylcellulose and HPMC respectively. A correlation was found between 
the intrinsic viscosity of polymer/plasticizer solutions and the 
tensile strength, strain at failure and work of failure of cast films. 
Within an homologous series of plasticizers, the magnitude of the 
mechanical properties exhibited a minimum when the intrinsic 
viscosity was at a maximum. No such correlation was found with 
plasticizers of different structures. A reduction in the tensile 
strength of ethylcellulose films with increasing content of 
diethylphthalate was observed by Vemba et al., (1980). In contrast, 
they found little change with the addition of glycerol, soya oil or 
PEG 400. Delporte (1980) observed a reduction both in the elastic 
modulus and the limit of elastic deformation as the level of PEG 400 
or propylene glycol in HPMC films was increased. Reductions in the 
strength of sprayed HPMC films with increasing concentrations of 
propylene glycol, glycerol, PEG 400 or PEG 4000 were reported by 
Porter (1980). 
The effects of glycerol inclusion. polyethylene glycol inclusion and 
moisture sorption on tensile properties of cast HP MC films was 
reported by Aulton et al., (1981). Incorporation of glycerol resulted 
in a reduction in the tensile strength and elastic modulus and an 
increase in extensibility. The magnitude or the erfects increased as 
the level of glycerol was increased. Similar effects were observed 
with PEG inclusion but plasticization efficiency increased with 
decreasing PEG molecular weight, possibly due to the greater number of 
plasticizer molecules available to interact with the polymer. 
Conditioning the films at high humidity resulted in significant 
changes in the mechanical properties consistent with a plasticizer 
action. The plasticization of acrylic copolymer films, prepared from 
pseudo-latex aqueous dispersions. by inclusion of different glycols 
was observed by Dittgen (1984). He also concluded that plasticization 
efficiency increased with decreasing glycol molecular weight. 
Okhamafe and York (1983) observed that increasing concentrations of 
PEGs 400 and 1000~ progressively lowered the tensile strength and 
Young's modulus of cast HP MC films. The addition of polyvinyl alcohol 
(PVA) lowered the tensile strength and Young's modulus although to a 
lesser extent than the PEGs. PEGs generally increased the 
extensibility of the films while PVA reduced it implying that, unlike 
PEGs, PVA inhibited polymer chain mobility. 
more effective plasticizer than PEG 1000, 
earlier findings of Entwistle and Rowe 
(1981). 
PEG 400 was found to be a 
in agreement with the 
(1979) and Aulton et al., 
Reading and Spring (1984b) observed that PEG 600, included as a 
potential plasticizer, showed no evidence of plasticization in cast 
films of four polymeric tablet binders. Cast films containing PEG 600 
at concentrations up to 10% w/w were, without exception, weaker, less 
extensible and had a higher Young's modulus than the unmodified films. 
3.2.3 Effects of Other Inclusions on Tensile Properties of 
Polymers 
The effect of non-plasticizer inclusions on the tensile properties of 
pharmaceutical polymers has been investigated primarily with respect 
to film coating formulation. This is also of relevance to the 
performance of binders used in wet-massed granulation since 
dissolution of drug or excipients in the binder solution, and 
redeposition during drying, may affect the subsequent performance of 
the binder. 
A decrease in the tensile strength of cast HPMC films with increasing 
content of titanium dioxide was noted by Hawes (1978) although the 
inclusion of a water-soluble dye had no significant effect. Porter 
(1980) found a significant reduction in the tensile strength of 
sprayed HPMC films with increasing inclusion of titanium dioxide and 
also with the inclusion of an aluminium lake. Delporte (1980) found 
that increasing the titanium dioxide content of HP MC films resulted in 
a increased modulus of elasticity but little change in the limit of 
elasticity. Abdul-Razzak (1980) showed a marked reduction in the work 
of failure of HP MC films with increased solids content. There was a 
general shift towards a more brittle state. 
Page 105 
Reading and Spring (1984b) examined the effects of lactose and sodium 
lauryl suphate on the tensile properties of films prepared from four 
polymeric tablet binders. The inclusions resulted in a reduction of 
the ultimate tensile strength of all the binders tested, and made some 
films of PVP and starch too brittle to test. 
Tobolsky (1971) suggested that filled or pigmented polymer films might 
be analysed in a manner analogous to suspensions. Rowe (1983), using 
this concept, applied a modified Einstein equation to calculate 
modulus enhancement in pigmented HPMC tablet film coating 
formulations. Okhamafe and York (1984, 1985) observed that the 
inclusion of pigments or fillers, talc and titanium dioxide, generally 
reduced tensile strength and extensibility while increasing Young's 
modulus of HPMC films. The magnitude of the effect was a function 
both of filler morphology and of filler-polymer interaction. The 
latter was characterised in terms of an acid-base proton transfer 
concept. 
Dittgen (1984) observed that the inclusion of some drugs resulted in 
a plasticization action on acrylic copolymer films, while others 
produced films which were significantly more brittle than the parent 
polymer. 
3.3 Materials and Methods 
3.3.1 Materials 
The polymeric binders, HPMC, PVP K90 and Starch 1500, used in the 
previous chapter were also used in the investigation of tensile 
properties. PVP K25 was not investigated because of its very poor 
film forming characteristics. Potential plasticizers, including the 
low molecular weight liquid PEGs and glycol monomers, were selected 
from those screened on the basis of interaction and compatibility 
results presented in the previous chapter. 
weight solid PEGs were not evaluated 
Thus, the higher molecular 
in HPMC or PVP films on the 
grounds of their poor compatiblity and tendency to phase separate. 
Similarly, hexylene glycol and PEGs of molecular weight 400 or higher 
were not evaluated for the plasticization of Starch 1500. 
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3.3.2 Methods 
The observed tensile mechanical properties of a material may vary with 
the method of specimen preparation and with the speed and environment 
of testing. Consequently, where precise comparative results are 
required these factor must be carefull controlled. The presence of 
defects in specimens for tensile testing act as sites for stress 
concentration, causing erroneous results due to early fracture. Rigid, 
thick specimens are commonly prepared in a "dumbell" shape to 
eliminate stress concentrations at the grips and to confine the 
failure zone (ASTM D 638). In the case of thin plastic sheets and 
films, however, the specimen cannot support an ordinary extensometer, 
and the actual gauge length of the specimen is made uncertain by the 
curvature in the edges of the dumbell shape. ASTM D 882 standard test 
methods for tensile properties of thin plastic sheeting, therefore 
specifies that the test sample should consist of strips of uniform 
width and thickness. Test specimens should have a nominal width of 
between 5.0mm and 25.4mm. A width-thickness ratio of at least eight 
should be used since narrow specimens magnify the effects of edge 
strains or flaws. The test method advises that the utmost care should 
be taken in the cutting of specimens to prevent nicks and tears which 
would tend to cause premature failure by tearing or shear. In the 
present study, the test methods of ASTM D 882 (1980 revision) were 
adopted. to assure standardisation and reproducability or the tests. 
3.3.2.1 Fi Im Preparation 
Binder solutions, with or without the inclusion of potential 
plasticizers, were prepared as described previously (Chapter Two, 
section 2.2.7) for the solid-state compatibility studies. Preliminary 
studies were carried out to identify suitable substrates on to which 
the binder films could be cast. A suitable surface would be 
adequately wetted by the binder solution, whilst allowing removal {Ji 
the dried film without excessive damage. Degreased scratch-free glass 
plates were found to be suitable both for HP MC and Starch 1500. PVP 
adheres too strongly to glass and cast films were subject to damage on 
attempt to remove them. Polymethyl methacrylate (Perspex) was 
eventually identified as a SUitable substrate for the casting and 
~v~cessful removal of PVP films. 
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Films were cast using the specially constructed spreader p~x (similar 
to a spreader for TLC chromatography plates) shown in Fig. 3.3. A 
variable gap shutter enabled films of varying thicknesses to be cast. 
Empirically, it was established that a spreader gap of about 1.0mm 
resulted in dried polymeric films with thicknesses in the range 80 to 
100~m. Films were dried overnight at ambient temperature and relative 
humidity (20 25°C, 45 55% RH) in a laminar flow cabinet to 
minimise the risk of dust contamination of the films. Film strips of 
6.5mm width were cut with a steel template using a surgical scalpel. 
For each polymer-plasticizer combination, not less that five test 
strips were cut, both along the axis of casting and normal to the axis 
of casting. Cut films were checked for thickness at four points over 
the gauge length (40.0 mm) using a dial micrometer (Mercer,). Films 
showing any variation in thickness greater than 5~m were rejected, as 
were any films showing entrappment of air bubbles or dust, or any 
nicks or flaws, particularly along the cut edge. 
Figure 3.3 Film Casting Apparatus 
Spreader Box Polymer Solution 
Casting Plate 
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Variable Gap 
Shutter 
Films were conditioned prior to testing by storage for seven days in 
hygrcsats ever saturated solutions of either potassium acetate or 
sodium bromide, at a temperature of 20°C. These solutions maintained 
relative humidities of 22.5% and 59.5% respectively (Nyquist 1985). 
Equilibrium moisture sorption curves for the polymer batches used in 
this work (determined by the methods of Callerhan et al., 1982), are 
shown in Fig. 3.4. Data for sucrose, a non-polymeric crystalline 
binder, was also included. The tensile properties of sucrose were not 
studied because it fails to form coherent films. But use of this 
material was made in some later studies. 
Figure 3.4 Eguilibrium Moisture Sorption Curves for the Polymers 
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3.3.2.2 Tensile Testing 
Conditioned film samples were tested to failure in tension using an 
lnstron 1026 tensometer (lnstron, High Wycombe, Bucks, UK) shown in 
Fig. 3.5. 
The lnstron 1026 Tensometer 
The test strips were mounted in standard compression grips, lined with 
double sided adhesive tape to minimise slippage and uneven stress 
distribution. The test conditions used are summarised in Table 3.2. 
Table Summary of Tensile Testing Conditions 
Load Cel I type 2512-117 50 N fullscale 
Strain Rate 5 mm min- I 
Gauge Length 40 mm 
Chart Speed 
Chart Magnification Ratio 
Film thickness 
Film width 
Equilibration Conditions 
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200 mm.min- I 
40 
80~m - 100~m nominal 
6.5 mm 
22.5% RH at 20°C 
59.5% RH at 20°C 
In order to prevent re-equilibration of film specimens during the 
testing procedure, the relative humidity during testing was maintained 
at the same value as that for the conditioning of the samples. This 
was achieved by enclosing the lnstron cross head and sample grips 
within a portable environmental chamber ("Atmos Bag", Sigma Chemicals) 
containing the required saturated salt solution. Test films were 
introduced into the Atmos Bag in their equilibration hygrostat. The 
bag was then resealed and allowed to re-equilibrate to the required 
relative humidity. Glove ports in the Atmos bag allowed subsequent 
manipulation and testing of specimens without exposure to ambient 
humidity. Testing was carried out under conditions of ambient 
temperature which fell within the range 20°C to 25°C. 
Specimens failing at some obvious flaw or at the grip contact point 
were discarded and retests made. For each successful tensile test, 
Young's Modulus, yield strength (where clearly defined), ultimate 
tensile strength and percentage strain at failure were calculated as 
described in section 3.1. The work required to cause failure in the 
specimen, was determined from the mass of chart paper corresponding to 
the area below the force-displacement curve and the film thickness. 
This was compared against the mass of paper corresponding to a 
standard work of failure of 5 MJm- 3 for a film of 100~m thickness. 
The rate of grip separation during tensile testing was calculated 
according to ASTM D 882 by the equation: 
A = B x C (3.4) 
where A is the rate of grip separation (mm.min- ' ), B is the initial 
grip separation or gauge length (mm) and C is the initial strain rate 
(mm.mm-'min-'). For modulus of elasticity determination and/or 
percentage eJongations at break of up to 20%, C is specified as 
0.1 mm.mm-'min-
'
. With a gauge length of 40 mm, the required rate of 
grip separation was 4 mm.min- ' . Since this was unattainable on the 
Instron tensometer, the nearest alternative of 5 mm.min- ' was used 
throughout. 
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3.4 Results and Discussion 
3.4.1 Tensile Mechanical Properties of Unplasticized Binders 
The results for tensile properties of the unplasticized binders after 
equilibration at either 22.5% RH or 59.5% RH are given in Table 3.3. 
Application of a Student t-test revealed no statistically significant 
anisotopicity between films cut along the axis of casting or cut 
normal to the axis of casting. Consequently, results were pooled and 
represent not less than ten observations. Coefficients of variation 
were in the order of 10% for ultimate tensile strength and Young's 
modulus and in the order of 20% and 25% respectively for strain at 
break and toughness. This magnitude of variability was consistent 
with that reported by other workers (see for example, Reading and 
Spring, 1984a). Humidity control during the actual testing procedure 
by use of the "Atmos Bag" produced no apparent benefit with respect to 
the reproducability of repeated measurements. Representative stress-
strain curves for the unplasticized binders are shown in Figs. 3.6a 
and 3.6b. 
Table 3.3 Mechanical Properties of Some Polymeric Tablet Binders 
Binder Young's UTS UTS Strain at Work of Fai lure 
Modulus at Yield at Break Break 
MPa MPa MPa % MJm- 3 
22.5% RH 
PVP 2226 57.2 3.4 1. 21 
HPMC 1755 57.4 12.5 6.08 
Starch 1573 43.5 5.1 1. 55 
1500 
59.5% RH 
PVP 1888 51. 9 4.8 1. 69 
HPMC 1610 54.4 15.1 6.99 
Starch 1415 39.4 6.8 1. 99 
1500 
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Figure 3.6 Tensile Deformation of Polymeric Binders 
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Stress-strain diagrams were reconstructions derived from the mean 
values for the tensile properties. A distinct, ductile-type yield 
point was not evident for any of the polymers irrespective of 
conditioning humidity. A I I showed deviation from a I i near 
stress-strain relationship, however. The observed strain increased 
with increasing stress up to the point of break. Ultimate tensile 
strengths were therefore defined as tensile strength at break. 
The polymers tested exhibited markedly different tensile properties 
as shown in Fig. 3.6. Of the three polymers, PVP was the most rigid 
and the least deformable. This was in contrast with the observations 
of Healey et a1., (1974). 
showed little further 
When stressed beyond the elastic limit, PVP 
extensibility before failing. HPl1C had a 
similar ultimate tensile strength to PVP but was less rigid and was 
capable OT withstanding considerable strain without break. Starch 
1500 had an intermediate extensibility but was weaker and less rigid 
than the other polymers. For equivalent applied stresses Starch 1500 
would consequently undergo a considerable greater extent of elastic 
s~rain than other polymers. From the shape of the characteristic 
stress-strain curves and the magnitude of the tensile properties, a 
qualitative classification of material characteristics was possible. 
Using the criteria of Carswell and Nason (1944), PVP was classed as a 
hard, brittle material and HPMC as a hard, tough material. Starch 
1500 was classified as a soft, weak material. 
Increasing the moisture content of the films, by equilibrating at 
59.5% RH rather than 22.5% RH resulted in qualitatively similar 
results for ail three polymers. In all cases, the increased moisture 
content resulted in a 
Modulus and an increase 
reduction in tensile 
in extensibility. The 
strength and Young's 
balance of these 
changes was such that, in each case, the toughness of the film was 
increased at the higher moisture content. Thus, although the films 
were weaker in terms of their ultimate tensile strength, greater 
expenditure of work was required to cause failure by virtue of the 
increased extensiblity. In relative terms, the influence of increased 
moisture content was greater for PVP and Starch 1500 than for HPMC. 
This reflects the greater affinity for moisture shown by PVP and 
Starch 1500 at 59.5% RH. Although moisture does not conform to any 
traditional definition of a plasticizer (on account of its high 
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volatility and low permanence), the changes in tensile properties that 
it produced were consistent with a plasticizer action. 
Strict comparison of results presented here with those of other 
workers was limited. This was because of differences in test 
protocols adopted (strain rates and conditioning humidities, for 
instance) and polymer grades used. However, some general observations 
regarding similarities and differences could be made. 
Resu Its for HPl1C agreed we 11 with resu 1 ts of Au I ton et a I., (1981) who 
also concluded that unplasticized HPMC was a tough polymer. 
similarity was expected since the test protocols adopted 
This / 
were 
practically identical. The magnitude of the tensile parameters were 
also in reasonable accord with results of Entwistle and Rowe (1979) 
and Porter (1980). 
Tensile properties for PVP were considerably different from those 
reported by Healey et al., (1974) or Reading and Spring (1984a). PVP 
was characterised by Healey and co-workers as a weak material and, 
although Reading and Spring did not classify the polymers that they 
evaluated, their results supported this classification. The difference 
between results reported here and those of the previous workers can be 
attributed to the difference in molecular weight of polymer used. Both 
the latter workers used low molecular weight polymers (K29-32 and 
40,000 Da grades repectively). Low molecular weight polymers are 
usually relatively weak but as the molecular weight is increased the 
strength also increases (Alfrey, 1948). The higher molecular weight 
of the K90 grade of PVP used in the present work resulted in a higher 
tensile strength and elastic modulus than previously reported. The 
magnitude of the strain at failure was, however, similar. 
Results for the tensile properties of gelatinised Starch 1500 fell 
within the range of results reported for gelatinised maize starch 
(Healey et al., 1974; Reading and Spring, 1984a). Healey et al., 
(1974) reported higher values for tensile strength and Young's Modulus 
and concluded that maize starch was a hard, tough material. The 
results of Reading and Spring (1984a) and of the present study, 
however, indicate that gelatinised starches are relatively weak 
materials, with low extensibility. More recentiy, Ononokonpono and 
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Spring (1988b) observed considerably greater 
r~port~d previously for gelatinised maize starch 
extensibility 
films. Since 
than 
the 
method of film preparation and testing were identical to those used by 
Reading and Spring (see Reading, 1984) the difference in results is 
difficult to explain. It is conceivable that the thinner films used 
by Ononokonpono and Spring (1988b) may have influenced the results. 
The same workers have, however, demonstrated that polymeric films tend 
to become more brittle and less extensible with reducing film 
thickness (Ononokonpono and Spring. 1988a). Results presented here 
indicate that, after gelation, the tensile properties of Starch 1500 
are similar to those of unmodified maize starch. 
The characteristic shape of the stress-strain curve yielded 
qualitative information about the viscoelastic nature of the polymers. 
Published literature on glass transition temperatures (T G ) (Table 3.4) 
indicates that, at the temperature of testing, both PVP and HPMC would 
be considerably below the temperature of their glass transition. 
Table 3.4 Published Data on the Values for the Glass Transition 
Temperature of Some Pharmaceutical Polymers 
Polymer 
Polyvinylpyrrolidone 
Hydroxypropyl-
methylcellulose 
Glass Transition Temperature Reference 
QC 
175 Nielsen (1977) 
175 Tan and Challa (1976) 
177 Entwistle and Rowe (1979) 
155 Okhamafe and York (1985) 
180 (DSC) Sakellariou et al (1985) 
169 - 174 <DTA) 
To date, no value has been reported for the glass transition of Starch 
1500. Eith et al., (1987) commented, however, that the glass 
transition temperature of starches containing about 14% moisture would 
be around 50Q C above room temperature. In view of the physico-chemical 
similarities between Starch 1500 and unmodified starches, it seems 
reasonable to assume that their glass transitions would also be 
similar. It would be expected, therefore, that glassy elasticity 
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would be the dominant factor determining the shape of the 
stress-strain curves. 
The stress-strain curve for PVP was characteristic of a brittle, 
glassy material with a high Young's Modulus and tensile strength but 
with low extensibility. The stress-strain curve for Starch 1500 was 
also more characteristic of a predominantly elastic material rather 
than a ductile or plastic material. The rigidity of PVP originates 
from extensive dipole-dipole association between adjacent molecules 
(Blecher et al., 1976). Starch 1500, on the other hand, is typical of 
a highly crystal line polymer. It is probably most appropriate to 
regard starch as a filled polymer, since structurally it consists of 
an amorphous matrix (predominantly branched amylopectin) containing 
discrete crystal line regions (predominantly aligned amylose chains) 
(Merck, 1983). The presence of crystal I ine domains within the starch 
film resulted in low ductility and an essentially elastic-type 
stress-strain curve. 
HPMC had a similar tensile strength and modulus to PVP and its glass 
transi tion temperature was also considerably above ambient 
temperature. However, greater extensibility before failure resulted 
in a stress-strain curve more characteristic of a polymer in the 
transition state. This is most probably due to the presence of the 
hydroxpropyl and methyl substituents on the cellulose backbone 
preventing extensive molecular alignment. This explains why, although 
HPMC exhibits some degree of crystallinity (Okhamafe and York, 1983), 
this is not predominant. 
The effect of moisture sorption in increasing extensibility whilst 
reducing rigidity and ultimate tensile strength is consistent with an 
increase in free volume and consequently greater segmental mobility. 
The ability of sorbed moisture to reduce the glass transition 
temperature of the hydrophilic polymers investigated is well 
documented in the literature (Tan and Challa, 1976; 
York, 1983; Eith et al., 1987). 
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Okhamafe and 
3.4.2 The Effect of Different Plasticizers on the Tensile 
Properties of the Binders 
The influence of different potential plasticizers on the tensile 
properties of the polymeric binders was investigated at a fixed 
loading of 10% (by weight in the film), for films conditioned at 22.5% 
RH. Those potential plasticizers which showed particularly limited 
compatibility (i.e. solid PEGs and, in the case of Starch 1500, 
hexylene glycol) were not screened. As a general principle, materials 
of low compatibility exhibit phase-separation and, consequently, are 
inefficient plasticizers (Doolittle, 1954). The observations of Rowe 
(1976), Aulton et al., (1981) and Sakellariou et al.. (1986) 
substantiate this principle for cellulosic polymers plasticized with 
high molecular weight PEGs. 
The influence of potential plasticizers on the tensile properties ot 
PVP K90. HPMC E5 and Starch 1500 is reported in following sections. 
3.4.2.1 Plasticization of PVP 
All of the potential plasticizers screened for PVP showed evidence of 
plasticizer activity. This was apparent from the decrease in tensile 
strength and Young's modulus and the increased extensibility compared 
with the unplasticized film (section 3.4.1). The characteristic shape 
of the stress-strain curves (Figs. 3.5a and b) and the derived 
parameters (Table 3.5) revealed considerable differences in the effect 
magnitude. 
Incorporation of the glycol monomers resulted in signiiicant decreases 
in the strength and modulus of the films with only small increases in 
extensibility. As a result, 
toughnesses which were similar 
unplasticized film. 
reducing modulus and 
The PEGs 
strength 
f i 1 ms 
to, or 
were 
and 
containing the monomers had 
lower than, that of the 
genera I I y more efficient in 
ai so f aci I i tated greater 
extensibility. As a result PEG-plasticized films were considerably 
tougher than the unplasticized film. The plasticization efficiency of 
the PEGs increased with decreasing molecular weight, as observed for 
HPMC-PEG systems (Aulton et al., 1981). The trend did not include the 
monomer, ethylene glycol, however. 
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Figure 3.5 Effect of Different Plasticizers on Stress-Strain 
Relationships for PVP 
a. Monomers 
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Table 3.5 Effect of Different Plasticizers 
of PVP 
on the Tensile Properties 
Plasticizer Young's UTS UTS Strai n Work of Failure 
(10% by Modulus at Yield at Break at Break 
weight> 
MPa MPa MPa 
" 
MJm- 3 
Hexylene 1622 40.1 4.2 1. 13 
glycol 
Glycerol 1569 38.2 5.5 1. 43 
Propylene 1480 35.2 5.9 1. 25 
glycol 
Ethylene 1538 39.1 4.5 1. 18 
glycol 
PEG 200 1179 28.8 8.2 1. 75 
PEG 400 1372 35.4 7.4 1. 67 
PEG 600 1595 38.0 6.5 1. 79 
Differences in plasticizer efficiency were also reflected in the shape 
of the stress-strain curves. Films plasticized with hexylene glycol, 
ethylene glycol, glycerol or PEG 600 deformed in a brittle-elastic 
manner. The films plasticized with propylene glycol, PEG 400 or PEG 
200, however, exhibited yield points and more ductile stress-strain 
relations. Increasing plasticizer efficiency was therefore implicated 
in a qualitative shift in the viscoelastic nature of the tensile 
deformation. 
These results contrast with those of Reading and Spring C1984b) who 
reported that the inclusion of PEG 600 produced no evidence of 
plasticization in PVP. The latter workers observed that while 
inclusion of PEG 600 at levels up to 10% reduced the ultimate tensile 
strength, this was associated with increased rigidity and decreased 
extensibility. The differences obse~ved, probably result from the 
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molecular weight of the PVPs used. The low molecular weight PVP used 
by Reading and Spring (1984b) would be less amenable to effective 
plasticization due to reduced compatibility and also due to its lower 
intrinsic tensile strength. The increase in modulus with increased 
concentration of PEG 600, observed by the previous workers, is harder 
to explain. It is possible that increased segmental mobility 
associated with plasticizer inclusion may facilitate greater alignment 
between adjacent polymer chains during solvent removal. The resulting 
pseudo-crystalline matrix may then exhibit a paradoxical increase in 
rigidity. 
3.-+.:2.:2 Plasticization of HPMC 
The stress-strain curves (Figs. 3.6a and b) and tensile parameters 
(Table 3.6) were substantially in agreement with the observations of 
previous workers. Both the glycol monomers and the PEGs resulted in 
plasticization of the HPMC matrix, characterised by decreased ultimate 
tensile strength and elastic modulus and increased elongation at 
fai lure. In all cases, the increased extensibi I Hy was insufficient to 
compensate for the reduction in stiffness and tensile strength. Thus, 
all the plasticizers evaluated resulted in films of lower toughness 
than the unplasticized polymer. 
Generally, the PEGs possessed greater plasticization erficiency than 
the monomers. The extent of plasticization achieved with the PEGs 
increased with decreasing molecular weight. in agreement with the 
observations of other workers (Entwistle and Rowe, 1979; Aulton et 
al. , 1981 and Okhamaie and York, 1983). However. as noted for PVP 
(Section 3.,+.2.1> this trend did not extend to include the monomer, 
ethylene g I yeo I. Inspection of Table 3.6 indicated that propylene 
glycol was the most efficient plasticizer of the monomer glycols. 
Entwistle and Rowe (1979) have suggested that this molecule interacts 
strongly with HPMC. The latter workers also suggested that glycerol 
had little or no interaction with HPMC. Nevertheless. glycerol was 
also found to exert a plasticizer action on HPMC, consistent with the 
observations of Delporte (1980) and Aulton et al., (1981). Hexylene 
glycol produced the smallest increase in extensibility although it was 
more effective than either ethylene glycol or glycerol in reducing 
strength and stiffness. 
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Figure 3.6 Effect of Different Plasticizers on Stress-Strain 
Relationships for HPMC 
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Table 3.6 Effect of Different Plasticizers on the Tensile Properties 
of HPHC 
Plasticizer Young's UTS UTS Strain Work of Fai 1 ure 
(10% by Modulus at Yield at Break at Break 
weight) 
MPa MPa MPa MJm- 3 
Hexylene 1509 39.7 13.7 4.35 
glycol 
Glycerol 1594 42.2 15.4 5.45 
Propylene 1410 38.9 16.5 5.20 
glycol 
Ethy I ene 1687 45.7 14.2 5.33 
glycol 
PEG 200 'I 'jet") 34.7 18.1 5.26 .l.k".J~ 
PEG 400 1357 38.7 15.5 4.83 
PEG 600 1494 44.8 13.7 4.76 
At the level of incorporation used for the present study, none of the 
pl~sticizers induced a distinct yield point in the stress-strain 
curve. The characterisic shape of the curves was in all cases similar 
to that of the unplasticized polymer. This implied that, at a 
qualitative level, the viscoelastic nature of the plasticized and 
unplasticized polymer matrix was essentially the same. 
3.4.2.3 Plasticization of Starch 1500 
The effect of potential plasticizers on the stress-strain relationship 
for Starch 1500 is shown in Fig. 3.7. 
parameters are reported in Table 3.7. 
The respective mechanical 
The monomeric glycols all showed evidence of plasticization with a 
reduction in elastic modulus and tensile strength combined with 
increased extensibility. For glycerol and propylene glycol, the 
increased extensibility resulted in an increased film toughness even 
though these films had a lower strength than the unplasticized film. 
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Figure 3.7 Effect of Different Plasticizers on Stress-Strain 
Relationships for Starch 1500 
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Table 3.7 
Plasticizer 
(10% by 
weight) 
Glycerol 
Propylene 
glycol 
Ethylene 
glycol 
PEG 200 
1 0 20 
Strain % 
Plasticizer-
Ethylene Glycol 0 Propylene Glycol 0 
Glycerol v Peg 200 • 
Effect of Different Plasticizers on the Tensile ProEerties 
of Starch 1500 
Young's VTS VTS Strain at Work of Failure 
Modulus at Yield at Break Break 
rlPa MPa MPa % MJrn- l 
1403 37.9 8.6 2.48 
1471 36.8 6.1 1.77 
1479 36.4 5.2 1. 38 
1793 33.1 2.5 0.55 
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With ethylene glycol, however, toughness was lower than that of the 
unpJasticized film. The inclusion of glycerol or propylene glycol 
resulted in the induction of yield into the tensile deformation of the 
starch films. This was not observed with ethylene glycol. 
The rank order of plasticizing efficiency generally reflected the 
relative hygroscopicity (or humectancy) of the glycols. This is in 
agreement with observations that humectants plasticize starch in a 
non-specific manner by binding more water into the system (Davidson, 
1983). A further potential explanation is that the glycols act as 
non-interacting hydrodynamic modifiers, existing as discrete fluid 
domains within the matrix. This interpretation is consistent with the 
poor solubility performance of Starch 1500 noted in Chapter Two. 
Ononokopono and Spring (l988b) investigated the effects of inclusion 
of propylene glycol on the tensile properties of gelatinised maize 
starch films. They found that although the strength and rigidity of 
the films were reduced, there was no increase in elongation at failure 
and they concluded that plasticization did not occur. It should be 
noted, however, that the extensibility of their unplasticized films 
was around twice that observed in the present work although ultimate 
tensile strength and elastic moduli were similar. A valid comparison 
between their results and those presented here is not really possible 
because of differences in film preparation and testing. Skultety and 
Sims (1987) have shown that, unlike PEG 400 or glycerol, propylene 
glycol was readily lost from cellulosic film coatings at process 
temperatures between 40°C and 60 °C. A similar loss of propylene 
glycol from starch films might also have occured at the drying 
temperature of 45°C used by Ononokopono and Spring (l988b). This may 
account for the absence of plasticization reported. 
Inclusion of PEG 200 resulted in film weakening and enbrittlement, 
even though low molecular weight PEGs are relatively hygroscopic (and 
thus potentially capable of binding moisture within the film). The 
weakening and enbrittlement of starch films by the inclusion of PEGs 
has also been observed by other workers (Reading and Spring, 1984b; 
Ononokopono and Spring, 1988b) although explanations for this 
behaviour have not been advanced. 
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3.4.3 The Effect of Plasticizer Concentration and 
Conditioning Humidity 
The influence of increasing plasticizer concentration on the tensile 
properties of the binders was investigated using plasticizers 
exhibiting optimum efficiency. PEG 200 had been identified as the 
most efficient plasticizer both for PVP and HPMC films, whereas 
glycerol was more effective for Starch 1500. Moisture was also 
observed to influence the tensile properties of hydrophilic polymers 
in a manner consistent with plasticization. Since moisture interacts 
at a molecular level in a manner analogous to plasticizers it was 
probable that the observed tensile properties would reflect both 
moisture and plasticizer content. The tensile properties of the 
piasticized films were therefore examined after equilibration both at 
22.5% RH and 59.5% RH. 
PEG 200 and glycerol were incorporated into HPMC and Starch 1500 films 
respectively at levels up to 30% by weight of the film. The upper 
limit for plasticizer inclusion was determined by the limit of 
compatibility and onset of phase separation determined in Chapter Two. 
PEG 200 was incorporated into PVP films at levels up to 15% by weight 
of the film. At higher levels of inclusion, PVP films were too soft 
and ductile to allow coherent test samples to be cut. This indicated 
that, on a qualitative basis, PEG 200 was a more effective plasticizer 
for PVP than for HPMC. This observation was in agreement with earlier 
observations that PVP-PEG 200 systems exhibited total compatibility 
while HPMC-PEG 200 systems exhibited only partial compatibility. 
The characteristic stress-strain curves for polymer films containing 
increased plasticizer levels are shown in Figs. 3.8 to 3.10. The 
derived tensile properties given in Tables 3.8 to 3.10. 
Examination of the curves indicated that the response to increasing 
plasticizer level was the same for the three polymers. As the 
plasticizer level was increased, the rigidity and strength of the 
films was progressively reduced whilst the strain at failure was 
increased. The magnitude of the respective tensile parameters 
confirmed this. 
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Figure 3.8 Effect of Plasticizer Concentration on the Tensile 
Properties of PVP 
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Figure 3.10 Effect of Plasticizer Concentration on the Tensile 
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Table 3.8 Effect of Plasticizer Concentration on the Tensile 
ProEerties of PVP 
Plasticizer Young's UTS UTS Strai n at Work of 
level in Modulus at Yield at Break Break Failure 
f i I rn (% by weight> MPa MPa MPa % MJ rn - 3 
22.5% RH 
0% 2226 57.2 3.4 1. 21 
5% 1452 41. 3 7.1 2.16 
10% 1179 28.9 9.3 1. 75 
15% 785 22.6 12.0 1. 48 
59.5% RH 
0% 1888 51.9 4.8 1. 69 
5% 1322 30.0 8.5 1. 69 
10% 508 22.1 13.2 1. 08 
15~ 312 9.0 17.3 0.77 
Table 3.9 Effect of Plasticizer Concentration on the Tensile 
ProEerties of HPHC 
Plasticizer Young's UTS UTS Strain at Work of 
level in Modulus at Yield at Break Break Failure 
f i I m (% by weight> MPa MPa MPa % MJrn- 3 
22.5% RH 
0% 1755 57.4 12.5 6.80 
10% 1252 34.7 18.1 5.26 
20% 855 27.5 22.3 5.03 
30% 498 20.2 26.0 4.12 
59.5% RH 
0% 1610 54.4 15.1 6.99 
10% 1220 31.9 19.7 5.53 
20% 557 24.4 24.8 4.86 
30% 440 17.3 31. 0 3.64 
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Table 3.10 Effect of Plasticizer Concentration on the Tensile 
PI'OEeI'ties Starch 1500 
Plasticizer Young's UTS UTS Strain at Work of 
level in Modulus at Yield at Break Break Failure 
f i I m Ob by weight) MPa MPa ~IPa % MJm- 3 
22.50% R.H. 
0% 1573 43.5 5.1 1. 55 
10% 1403 37.9 8.6 2.48 
20% 1065 31. 3 9.6 2.23 
30% 688 24.2 12.0 1.43 
59.5% R.H. 
0% 1415 39.4 6.8 1. 99 
10% 1327 34.8 9.2 2.23 
20% 903 27.1 11.9 1. 75 
30% 420 19.8 14.2 1. 06 
Plasti6ized films of PVP and Starch 1500 equilibrated at 22.5% R.H 
showed increased toughness compared with the unplasticized films 
(Table 3.3). Plasticized films of HPMC, however, required less 
expenditure of work to cause failure than the unplasticized film. The 
work involved in causing tensile failure (as reflected by the area 
under the stress-strain curve) depends on the magnitude of the tensile 
strength, the strain at failure and the elastic modulus. In the case 
of PVP and Starch 1500, the increase in strain at failure due to 
plasticization was sufficient to yield films which were tougher than 
the unplasticized film. The converse was true for HPMC though. With 
increased plasticizer loading, the increased strain at failure was 
insufficient to compensaLe for the reduced tensile strength resulting 
in a progressively decreased toughness. 
At equivalent plasticizer levels, plasticized films equilibrated at 
the higher relative humidity exhibited apparently greater plasticity 
since the tensile strength and elastic modulus were reduced, whilst 
strain at failure was increased. For all three polymers, however, the 
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toughness of the plasticized films tended to be lower that of the 
corresponding unplasticized film. This indicated that the combined 
activity of both moisture and plasticizer resulted in a relatively 
greater decrease in tensile strength and modulus, compared with the 
increase in extensibility. The combined effect of plasticizer and 
water molecules may represent simply an independent but additive 
activity. Since the plasticizers and water are miscible in all 
proportions, however, the observed tensile response may reflect 
greater compatibility and plasticization efficiency by a binary 
solvent system. 
At the conditioning humidity of 59.5% RH, incorporation of plasticizer 
resulted in the production of very weak, deformable films. At the 
maximum level of plasticizer inclusion, PVP films had only 17.3% of 
the strength of the unplasticized film. Corresponding strength 
reductions for HPMC and Starch 1500 were 31.8% and 50.2% respectively. 
The strain attained before failure was greatly increased, however. 
Maximum strain increases were 3.60 times, 2.05 times and 2.08 times 
for PVP, HPMC and Starch 1500 respectively compared with the 
unplasticized films. The apparent greater proportionate increase in 
plasticity of PVP compared with the other binders may reflect the 
initial brittle-elastic nature of this polymer. The observed 
behaviour may also reflect the extent of compatibility between PVP and 
plasticizer and the greater tendency to sorb moisture. 
Examination of the shape of the stress-strain curves revealed that the 
increased plasticizer levels 
changes in viscoelasticity. 
were 
As 
also associated with qualitative 
the level of plasticizer was 
increased, there was a general trend towards a more ductile mode of 
deformation. This was particularly marked for PVP and Starch 1500 
where the deformation of the unplasticized polymer was essentially 
brittle-elastic (Fig. 3.4). Inclusion of 10% of PEG 200 or glycerol 
induced a distinct yield point in PVP and Starch 1500 films 
respectively. At the higher conditioning humidity, PVP films strained 
beyond their yield point continued to extend with decreasing stress 
up to the point of failure. The resultant stress-strain curves were 
characteristic of a polymer in the rubbery (viscous) flow state 
(Toblosky, 1971). With HPMC, a distinct yield point was evident only 
at 30% plasticizer inclusion (or 20% at the higher relative humidity) 
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although the shape of the curve indicated a more ductile deformation. 
Several worker have observed that PVP fails to form coherent films at 
relative humidities above 65% (Healey, 1976; Reading, 1983), This 
occurs because the extent of moisture sorption is sufficient to reduce 
the glass transition temperature to below ambient (Tan and Challa, 
1976: Oksanen and Zografi, 1990). The shape of the stress-strain 
curves suggested that the glass transition temperature of plasticized 
PVP films equilibrated at 59.5% RH was also close the temperature of 
testing. The induction of yield in all the polymers provided 
confirmatory evidence that the incorporation of plasticizer was 
associated with increased plastiC or non-recoverable deformation. 
Induction of yield was also associated with necking of the test 
specimen. This was apparent for all the polymers but was more 
pronounced for plasticized PVP films equilibrated at the higher 
relative humidity. 
One consequence of the induction of yield is that stored elastic 
strain may be translated into further plastic deformation in a manner 
analogous to stress relaxation. Since plasticization facilitates 
greater strain before failure, it seems likely that greater elastic 
strain dissipation may be tolerated without rupture of the binder 
f i I m. This behaviour may have important consequences for the 
performance or a binding agent incorporated into a tablet formulation. 
3.4.4 Molecular Basis of Binder Plasticization 
There are a number of theories of plasticizer aClion which provide an 
adequate mechanistic interpretation of the results reported here (see. 
for example, Ritchie, 1972). Of these, the gel theory (Dooiittle. 
1947; 1954) has probably gained greatest acceptance. At an empirical 
level, the gel theory provides a model which adequately explains the 
plasticization phenomena observed in the preceeding sections. Aulton 
I (1981) used this theory to explain the influence of moisture et a •• 
. and plasticization on the mechanical properties of cast films sorptIon 
of HPMC. Okhamate and York (1983) also considered that plasticizer 
action involved severence of bonds between adjacent segments of the 
film-former in which the plasticizer then became sandwiched. In order 
to understand the plasticization process in general, and differences 
in plasticizer efficiency in particular, it is necessary to consider 
the nature of the polymer-plasticizer interaction. 
Okhamafe and York (1983) suggested that the principle bonding between 
HP MC polymer chains in an unplasticized film would be through 
hydrogen-bonding of the hydroxyl groups. Although starches are a 
composite of two polymers, amylose and amylopectin, the same probably 
interaction applies. The extent of hydrogen-bonding between linear 
amylose chains accounts for the extensive crystallinity and the 
consequent large heat of fusion of starches (Davidson, 1983). PVP 
chains, in· contrast, associate through dipole-dipole interaction 
(Blecher et al., 1983), although the positive heat of mixing on 
addition of water indicates that the pyrrolidone oxygen may bond with 
molecules containing sufficiently electropositive hydrogen atoms. The 
interaction (and thus the modification of tensile mechanical 
properties) of sorbed moisture with the hydrophilic polymers used here 
was mediated via hydrogen-bonding. 
Without exception, all of the potential plasticizers screened in this 
and the previous chapter are capable of hydrogen-bonding. The 
monomeric glycols are all regarded as examples of strongly 
hydrogen-bonding solvents (Burrell, 1983). PEG chains, in common with 
PVP, associate primarily through dipole-dipole interactions although 
the terminal hydroxyl groups are capable of hydrogen-bonding. The 
ether oxygen of the PEGs is also capable of hydrogen bonding with 
suitable reagents. Empirical selection of the glycols or PEGs as 
potential plasticizers has, in the past, been based on the assumption 
that the primary interaction with the polymer was via hydrogen-
bonding. The fact that this principle is not generally applicable to 
all pharmaceutical polymers has been demonstrated by Kent and Rowe 
(1978). 
The relative effectiveness of plasticizers to modify the tensile 
proprties of HPMC, PVP or Starch 1500 (Section 3.4.2) does not support 
a generalised hydrogen-bonding mechanism for plasticizer activity. 
ConSideration of the molecular weight and structure of the 
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plasticizers (Chapter two) suggests that, if hydrogen-bonding were the 
d~t~~mining factor for plasticizer efficiency, the lower molecular 
weigh glycol monomers would be most effective. Using the number of 
hydroxyl groups per unit molar mass as a criterion of hydrogen bonding 
capability, the following rank order for plasticizer efficacy is 
expected: 
Ethylene glycol = Glycerol> Propylene Glycol> Hexylene Glycol> PEG 
200 > PEG 400 > PEG 600 
A similar rank order, favouring the lower molecular weight monomers, 
would be obtained if plasticizer efficacy was determined on a 
colligative basis, i.e. on the number of plasticizer molecules 
available for interaction as suggested by Aulton et al., (1981): 
Ethylene glycol > Propylene Glycol> Glycerol> Hexylene Glycol> PEG 
200 > PEG 400 > PEG 600 
Inspection of the data presented in Section 3.4.2 indicated that these 
empirical rank correlations were not sUbstantiated for HPMC, PVP or 
Starch 1500. Consequently, the thermodynamic approach to polymer-
plasticizer compatibility was examined as an alternative explanation. 
Within the limitations of the thermodynamic approach it was expected 
that the observed tensile rank correlations would follow the 
relationships established for polymer-plasticizer compatibility. This 
was tested by plotting tensile properties of HPMC and PVP films 
against solubility parameter difference and estimated Flory-Huggins 
interaction parameter for each plasticizer. The resulting plots are 
shown in Figs. 3.11a-b and 3.12a-b for HP MC and PVP respectively. In 
all cases the plots showed an inflection (consistent with greater 
plasticizing efficiency) as either the solubility parameter difference 
tended to zero, or the interaction parameter tended to 0.5 or less. 
The rank correlation for plasticization efficiency, therefore, 
followed that established for polymer-plasticizer compatibility. It 
was apparent that non hydrogen-bonding interactions (dispersion forces 
and dipolar forces) played a significant role both in the solubility 
behaviour and in the effective plasticization of HPMC and PVP. 
Correlations between solubility parameters and plasticization 
efficiency have been observed for ethylcellulose (Entwistle and Rowe, 
1979; Abdul-Razzak, 1980). A similar correlation between the 
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Figure 3.11 Variation of Tensile Properties of HP MC With 
Thermodynamic Parameters 
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Figure 3.12 Variation ot Tenslie Properties ot PVP With 
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interaction parameter and plasticizer efficiency has been demonstrated 
for polyvinyl chloride (Doty and Zable, 1946; Boyer and Spencer, 1947; 
Anagnostopoulos, 1965). 
Molecules having limited thermodynamic compatibility may still 
exhibit plasticizer activity, as in the case of glycerol and ethylene 
glycol (non-solvents for HP MC and poor solvents for PVPl. The 
ability of non-solvents to plasticize HP MC is a consequence of the 
asymmetry of the polymer-solvent phase equilibrium (Fig. 2.2) and the 
resultant solubility of the plasticizer in the polymer. The ability of 
ethylene glycol and glycerol to increase the plasticity of PVP films 
probably results from solvation of the ketone oxygen by hydrogen 
bonding. This would probably be accompanied by the evolution of heat 
in a manner analogous to dissolution of PVP in water. 
In the construction at Figs. 3.11 and 3.12 the tensile properties of 
films plasticized with PEG 200 were used. The higher molecular 
weight PEGs showed reduced plasticization efficiency although the 
magnitude of their solubility parameters and interaction parameters 
were similar. Previous workers have explained this in terms of the 
increased hydrogen-bonding capacity of lower molecular weight PEGs and 
in terms of the increased number of molecules available for 
interaction. On this basis, the monomer, ethylene glyol, would be 
expected to be a superior plasticizer to the PEGs. But this was not 
observed either with HPMC or PVP. The decrease in polymer-plasticizer 
compatibility with a reduction in the polymer-plasticizer molar volume 
ratio was predictable from theory and was substantiated in practice. 
The decrease in PEG plasticization efficiency with increasing 
molecular weight was, therefore, a consequence of the effect of 
relative molecular volume on compatibility. 
The presence of extensive crystallinity in a polymer presents a 
considerable physico-chemical obstacle to ef fecti ve polymer-
plasticizer compatibility and plasticization. The ability of glycerol 
and propylene glycol to exert significant plasticizer activity was 
consequently unexpected. Okhamafe and York (1983) observed that the 
addition of a plasticizer eliminated crystallinity in HPMC. X-ray 
crystallographic examination of unplasticized and glycerol-plasticized 
Starch 1500 films (Fig. 3.13) revealed no difference in the spectra. 
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Figure 3.13 X-Ray Crystallographs of Unplasticized and 
Glycerol-Plasticized Starch 1500 
Gelatinised Starch 1500 
(Unplasticized) 
Gelatinised Starch 1500 
+ Glycerol 10% w/w 
Ge latinised Starch 1500 
+ Gl ycerol 20% w/w 
Gelatinised Starch 1500 
+ Glycerol 30% W(W 
Elimination of crystallinity could not, therefore, account for the 
observed plasticization. This indicates that the action of glycerol 
is med i ated only within the amorphous (amylopectin) component of 
starches. The starch matrix is perhaps best regarded as a filled 
pol ymer ( i.e. an amorphous polymer containing a dispersed solid). The 
plasticizing effects of added glycerol are therefore analogous to the 
addition of a plasticizer to a filled polymer (Rowe, 1983; Okhamafe 
and York 1984b). 
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3.5 Conclusions 
Using tensile test methods, considerable diffences were observed 
between the mechanical properties of three commonly-used polymeric 
tablet binders. From the shapes of the characteristic stress-strain 
curves and the magnitude of the derived tensile parameters PVP was 
classified as a hard, brittle material; HPMC was classified as a hard, 
tough material and Starch 1500 as a soft, weak material. These 
results showed some similarities and some differences with the 
observations of other workers. The differences could largely be 
accounted for in terms of test methodology or the grade of polymer 
used. 
Increased moisture content of the 
sufficiently compatible (potential) 
polymers or 
plasticizers 
inclusion 
resulted 
of 
in 
significant changes in the tensile mechanical properties of cast films 
which were consistent with a plasticizer activity. The reduction in 
elastic modulus implied that plasticized polymers were capable of 
greater elastic strain. The increased extensibility coupled with 
induction of yield suggested, however, that elastic strain could be 
dissipated more readily by plastic flow, without failure of the film. 
At low levels of plasticizer inclusion, there was a concurrent 
increase in film toughess. However, as the plasticizer level was 
further raised, the film toughness decreased since the increased 
extensibility was insufficient to compensate for reduction in film 
strength. 
Increased moisture sorption or incorporation of a plasticizer resulted 
in changes in the shape of the stress-strain curve, indicating 
qualitative modification of the viscoelastic properties of the polymer 
matrix. As the plasticizer level was increased PVP films were 
transformed from glassy-brittle to a rubbery-liquid state. Similarly, 
increased plasticizer levels resulted in a shift in Starch 1500 
properties from predominantly glassy to a more ductile transition 
state. The stress-strain curve for unplasticized HPMC was 
characteristic of a polymer in the transition state, but 
plasticization resulted in a more ductile type of deformation. The 
increased extensibility and decreased modulus of plasticized HPMC 
films, indicated a transition towards the rubbery state. The general 
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trend common to all the polymers, was a shift to decreased elastic 
rigidity and increased ductility. 
Explanation of the observed plasticization phenomena was possible by 
reference to the thermodynamic factors controlling polymer-plasticizer 
compatibility and to the gel theory of plasticization. The two 
concepts offer a complementary approach to an understanding of the 
plasticization process. The relative hydrogen-bonding potential 
between polymer and plasticizer alone, was not adequate to explain the 
plasticizing efficiency of different molecules. There was, however, 
good agreement between the observed tensile properties and the extent 
of compatibility as determined by solubility parameter and interaction 
parameter 
plasticizer 
provided 
interacting 
considerations. Further, 
predicted 
for the an 
phase diagram 
explanation 
non-solvents to exert 
the asymmetry of the polymer-
from thermodynamic 
observed ability of 
a plasticizer action. 
theory, 
poorly 
While 
application of thermodynamic principles establishes the quantitative 
limits for effective plasticization, gel theory provides a model 
mechanism by which the process can proceed (Doolittle, 1954). The 
Flory-Huggins interaction parameter, which characterises the magnitude 
of the polymer-plasticizer interaction, can be regarded as analogous 
to the affinity of a plasticizer for polymer active centres in the 
gel theory. 
The value of tensile testing in determining fundamental properties of 
materials is subject to certain limitations. The quantitative values 
obtained are dependent to a great extent on the test protocol adopted 
and may be influenced by the rate of strain and the method of sample 
preparation. Nevertheless, the use of a fixed strain rate and 
controlled method of sample preparation enabled comparitive data to be 
obtained on the effects of plasticization on rigidity, strength and 
gross deformability of polymeric binders. Tensile tests performed at 
a single strain rate, however, yield little fundamental information 
about time-dependent . viscoelastic and plastic components of 
deformation. Changes in the characteristic shape of the stress-strain 
curves indicated that both moisture sorption and plasticization 
produced in changes in the viscoelastic nature of the binder film. 
Results indicated a qualitative shift in viscoelastic nature, from 
predominantly elastic in the unplasticized polymer, to progressively 
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more viscous with increased plasticizer content. 
Literature reviewed in Chapter one indicates that tablet formation in 
general, and the compression performance of binders in particular,is 
intimately associated with non-recoverable or time-dependent plastic 
deformation. Quantification of the time-dependent deformation of 
polymeric binders and its modification by plasticization, should give 
a greater insight into some fundamental properties determining the 
tabletting performance of binders. Consequently, resolution and 
quantification of the discrete components of viscoelastic deformation, 
by use of creep rheological methods forms the subject of the following 
chapter. 
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CHAPTER FOUR 
CREEP RHEOLOGY OF POLYMERIC TABLET BINDERS 
CHAPTER FOUR 
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4.1 Investigation of Time-dependent Deformation 
A number of techniques have been utilised to investigate 
time-dependent deformation in materials of pharmaceutical importance. 
Stress-relaxation, in particular, has been widely used in tabletting 
research. Stress-relaxation studies on film-forming polymers have 
been limited, however. probably because of difficulties in mounting 
the sample to limit slippage at the grips during testing. Castello 
and Goyan (1964) used this method to investigate vicoelasticity of 
glycero-gelatin films used in the manufacture of soft gelatin 
capsules. Thermally aged films showed decreased initial rigidity 
moduli and decreased equilibrium moduli compared with unaged films, 
this being consistent with a thermally-mediated crystalline-amorphous 
transition in the glycero-gelatin melt. 
Probably the most informative technique for studying time-dependent 
deformation is the creep test in which an (ideally) instantaneous 
stress is imposed on a sample at zero time and maintained at a 
constant value whilst the resulting strain is measured with time. 
Creep rheological methods have been applied to a wide range of 
materials of pharmaceutical interest including polymers. 
Micro-indentation techniques, in which the penetration of a loaded 
probe into a test specimen is determined as a function of time, have 
proved to be particularly informative. Monk and Wright (1965) 
described the construction and use of a pneumatic micro-indentation 
apparatus for measuring the hardness of paint films. The precision of 
the instrument and its application in characterising the viscoelastic 
properties of thin polymer films have been discussed by Morris (1970, 
1973). The change in indentation geometry as indentation depth 
increases with time, and the consequential change in stress 
conditions, potentially limited use of the apparatus for fundamental 
studies. However, the theoretical approach of Lee and Radok (1960) 
applied to a spherical indenter probe enabled creep compliance to be 
evaluated despite the change in stress conditions during indentation. 
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Several workers have used micro-indentation to characterise mechanical 
properties of tablet film-coating polymers and to assess the 
performance of potential plasticizers. Rowe (1976a) used the IeI 
micro-indenter to measure the elastic properties and hardness of HPMC 
coatings on tablets. Incorporation of glycerol and propylene glycol 
into HPMC films resulted in films which were softer and more elastic. 
A similar effect was noted with low molecular weight liquid PEGs. With 
higher molecular weight solid PEGs an increase in elastic modulus 
occured which, in the case of PEG 20000, exceeded the modulus of the 
unpiasticized film. The molecular weight of the PEGs did not appear 
to have a significant effect on the Brinell hardness of the f i 1 m 
although in all cases the hardness was less than that of the 
unplasticized f i I m. Rowe (1976b) al so used the technique to 
investigate the effect of the molecular weight of various grade of 
HPMC on film properties. Increasing molecular weight produced fiims 
ot greater Brinel I hardness and elastic modulus. 
Porter and Ridgway (1977) used an rei micro-indenter to evaluate 
polyvinyl acetate-phthalate (PVAP) and cellulose acetate-phthalate 
(C'!',P) films in situ on tablet cores. At low plasticizer concentration 
CA? films exhibited much greater surface hardness than PVAP films. 
But an increase in plasticizer level resulted in a decrease in 
hardness for both films, with CAP hardness approaching that of PVAP. 
Aulton et al., (1980), using the vertical displacement indentation 
tester of White and Aulton (1980), reported indentation-depth profiles 
recorded over a 600 second period, for unplasticized and plasticized 
films of HPMC cast from aqueous solution. They showed that both 
sorbed moisture and the presence of a plasticizer increased 
time-dependent indentation compared with the unmodified polymer. 
Although Aulton et al., (1980) did not present their results in the 
form of a creep profile, the viscoelastic nature of HPMC deformation 
was clearly evident. Subsequently, Aulton (1982) questioned the 
validity of using unique single point hardness values for such 
polymers. The indentation profile of a polymer may not achieve an 
equilibrium depth thus hardness apparently decreases with time. 
Indeed, depending on the time of indentation, equivalent hardnesses 
may be obtained for polymers of vastly differing 
properties ~s il Justrated by Fig. 4.1. 
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Application of micro-indentation techniques for the evaluation of 
polymeric tablet binders has been more limited although Rubenstein and 
Healey (1973) used the method to investigate moisture effects on 
gelatin binder films. Reading and Spring (1984a ) used an ICl 
micro-indenter to study the hardness and creep compliance of a series 
of hydrophilic polymeric tablet binders. The binders they examined 
were gelatin (Byco Cl, maize starch, methycelluiose (11ethocel A15) and 
polyvinyl pyrroiidone (40000 Da.). Creep curves were determined for 
120 seconds under load and for 240 seconds in recovery. Br i ne II 
hardness of all films was decreased with increasing moisture content. 
Creep curves determined for films conditioned at 12% RH were elastic 
in nature with no time dependency under load. Conditioning at 81% RH 
( 58% RH f or PVP ) resulted in films which deformed both elastically and 
pJastically. 
4.2 Materials and Methods 
4.2.1 The ICI Micro-Indenter 
The basic instrument, first described by Monk and Wright (1965), is 
shown in Fig. 4.2. 
Figure 4.2 The ICI Micro-Indenter 
-- --- -,.-~= 
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It consists of a triangular shaped main chassis of stesl plate, which 
is supported on the base plate by three adjustable legs. Two of the 
legs enable coarse and fine adjustments for raising or lowering the 
main chassis or for zeroing the instrument. The coarse adjustment has 
a single screw thread of 20 threads per inch (tpi). The fine 
adjustment has a differential thread of 26 tpi and 28 tpi so that one 
revolution of the adjustment wheel gives a vertical movement of 20 ~m 
at the position where the test sample is mounted. This wheel is 
graduated in divisions of 0.5 ~m and can be used to calibrate the 
instrument. A beam mounted on brass crossed flexure bearings has 
adjustable counter-balance weights at one end. At the other end are 
mounted an adjustable weight for setting the neutral stability of the 
beam, an oil-filled dashpot damper and the indenter needle. The 
basic instrument was modified as fol lows: In place of the flapper of 
the original flapper/nozzle pneumatic amplifier, a steel armature 
(LVDT core) was fitted. The nozzle of the pneumatic amplifier was 
removed and replaced with the body of a sub-minuture linear variable 
di:ferential transformer (LVDT) (model 222-00005, RDP Electronics, 
Wolverhampton). The output of the energised LVDT was dependent on the 
depth of penetration of the steel armature into the LVDT body and was 
accurate to ±0.1 ~m. 
The test specimen was mounted on a rigid platform immediately below 
the indenting sphere of the indenter needle. The indenting load was 
pneumatically lowered onto the beam immediately above the indenter tip 
by means of a bellows system. As the specimen was indented, the 
vertical movement of the indenter sphere and hence the depth of 
indentation was gauged by the change in output from the LVDT. An 
amplifier (model 2027A, RDP Electronics, Wolverhampton) and stabilised 
power supply (model 2031, RDP Electronics, Wolverhampton) energised 
the primary coil of the LVDT at 5KHz, SV RMS and demodulated the 
output of the secondary coils to give a signal between OV d.c. and 
10V d.c. at full scale displacement of the transducer. The amplifier 
gain may be adjusted to give an output suitable to drive a digital 
voltmeter, a chart recorder or, as in this case, suitable for 
conversion to a digital signal by means of an analogue-to-digital 
converter (ADC). This digital signal was then suitable for data 
logging and manipulation using established microcomputer techniques. 
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4.2.2 Data Logging Using the BBC Model B Microcomputer 
In the present work a BBC model B microcomputer (Acorn Computers, 
Cambridge) with disc storage capability was used for data logging and 
manipulation. Although not a purpose built data-logger, the BBC 
model B has a number of features which make it attractive for this 
type of application. In particular, the BBC model B contains an 
internal four channel ADC which is readily accessed via the analogue 
port (more commonly used to input games paddles and joysticks). 
Control of the ADC is easily achieved by commands contained in BBC 
BASIC and data logging rates of 25 Hz (four channel sequentially) or 
up to 100 hZ (single channel) can be attained without resort to 
mschine code programming. Using structured BASIC and the graphics 
capabilities of the BBC microcomputer data analysis and presentation 
is relatively straightforward. 
To optimise the data logging capabilities of the BBC model B the 
original ADC microch:p was replaced by an upgraded device 
(p?d 7002C-l, NEe Corporation, Japan) with a typical resolution of 10 
bits. Ideally the device should yield 12 bit resolution, however, 
some resolution is lost due to electronic noise associated with the 
circuitry of the ADC. This noise has been shown to be distributed 
normally about "the true mean value, consequently, where the analogue 
signal is changing relatively slowly, software averaging can be used 
to reduce the influence of noise (Beverly, 1983). Using an 
appropriate machine code routine, resolutions of 11 bit (40msec per 
sample) and 12 bit (160ms per sample) were obtained. 
Analogue-to-digital conversions using the BBC microcomputer are 
performed by successive approximations to an internal reference 
voltage generated by the voltage drop across three silicon diodes. The 
reference voltage equivalent to 4096 byte was nominally 1.8V. On the 
microcomputer used in this work, the reference voltage was 1.890V on 
power-up falling to 1.798V after 6 hours and failing to stabilise even 
after 24 hours. This variation was unacceptable for absolute 
measurement of displacement using the LVDT. Two approaches were 
possible to overcome this problem; the provision of an external 
reference voltage, e.g. a Weston standard cell at 1.0l8V, or the 
incorporation of an external voltage reference such as a zener or band 
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gap ciode between the Vref (reference voltage) pin and the analogue 
ground pin of the ADC device. The latter option was found to be 
satisfactory using a low current band gap diode (Radiospares, RS 9491) 
with a nominal breakdown or zener voltage of 1.26V. Since the 
breakdown voltage is less than the original reference voltage the 
internal diodes do not conduct and do not affect the accuracy of the 
additional reference diode. The modifications to the circuit are 
shown in Fig. 4.3. With the RS 9491 diode fitted a reference voltage 
of 1.235V was obtained on power-up settling to a steady 1.236V after a 
few minutes. No further drift in the reference voltage was observed 
after monitoring for 24 hours. 
Figure 4.3 hDC Circuit Modification To the BBC Model B Microcomputer 
Original circuitry 
+sv 
R71 
Vref 1.BV 
09 
07 
06 
A GNO rN 
Modified circuitry 
+sv 
R71 
Vref 1.236\1 
09 
07 RS 9491 
06 
A GND rN 
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When calibrating the ICI microindenter the gain of the transducer 
amplifier was adjusted such that a full scale deflection of 6~m at the 
indenter sphere produced an analogue output of 1.000V. Calibration 
was carried out in situ using a load of 20g on a glass microscope 
slide as a reference surface by means of the graduated fine adjustment 
wheel. The fine adjustment wheel was adjusted to give displacements of 
o to 6~m in increments of O.5~m. At each interval, the digital byte 
value corresponding to the d.c. voltage induced in the LVDT was 
recorded. From the regression of digital byte value on displacement, 
calibration constants for the data-logging software were derived. 
Calibration data is shown in Table 4.1. 
Table 4.1 Calibration Data for the BBC Interfaced Iel Microindenter 
Vertical displacement at 
the indenter sphere (~m) 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
Regression coefficient r 
Slope (bytes/~m) 
Intercept (bytes) 
= 
= 
= 
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Digital byte value 
0.9997 
547 
13 
0 
282 
541 
805 
1119 
1438 
1687 
1945 
2209 
2448 
2726 
3007 
3305 
4.2.3 Sample Preparation 
In the previous chapter it was shown that the extent of tensile 
plasticity in a plasticized polymer film was generally dependent on 
the extent of polymer-plasticizer compatibility. Using both mixing 
thermodynamics and an assessment of tensile mechanical properties, 
optimum plasticizers for some commonly used tablet binders were 
identified. These were PEG 200 for PVP and HP MC respectively, and 
glycerol for starch. Consequently, in subsequent studies, the optimum 
plasticizers were utilised in preference to other glycols exhibiting 
plasticizing activity. 
The preparation of polymer solutions, with or without plasticizer, was 
ca~ried out as described previously. The following systems consisting 
of polymer and the optimum plasticizer were utilised: 
PVP 
HPMC 
+ 0% - 15%w/w PEG 200 
+ 0% - 30%w/w PEG 200 
Starch 1500 + 0% - 30%w/w glycerol 
Films of about 100 pm thickness were cast onto degreased and dried 
glass microscope slides and were subsequently dried for twenty four 
hours in a laminar flow cabinet under ambient temperature and 
humidity. Samples of the dried films were then transfered to 
hygrostats containing either a saturated solution of potassium acetate 
or sodium bromide giving 22.5% RH and 59.5% RH respectively at 200 C 
(Nyqvist, 1983). Films were equilibrated for not less than seven days 
prior to indentation testing. In addition, samples of the 
unplasticized polymers were also stored at near zero relative humidity 
over phosphorous pentoxide. This was to allow assessment of material 
properies with the minimum of influence from sorbed moisture. The 
design and operation of the Instron tensile tester precluded this type 
of experiment in the previous chapter. 
4.2.4 Indentation Testing 
The modified IC! indentation tester was mounted within a glove box to 
enable relative humidity during testing to be maintained as closely as 
possible to the 'storage humidity of the test samples by use of the 
appropriate saturated salt solutions. The equilibrated test sampleS 
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were rapidly transferred to the indenter glove box prior to testing 
and the humidity allowed to re-equilibrate before performing a test. 
The test variables and conditions used are summarised in Table 4.2. 
Table 4.2 
Variable 
Indentation 
load 
I ndenter ti p 
indentation 
dura ti on 
Equilibrium 
cond i ti ons: 
Temperature 
Relative 
humidity 
Indentation Test Variables 
Procedure Comments 
20g (unplasticized films) Determined by experiment to 
109 plasticized films) achieve indentations of 0-6~m 
19 (some PVP films only) over the test duration. 
Sapphire sphere 
1.550mm diameter 
1000 seconds under 
load 
Long term runs 
carried out for 5000 
seconds under load 
0% RH 
22.5% RH 
59.5% RH 
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To achieve measurable 
indentation at low load and 
determine creep compliance 
in spite of changing 
indentation geometry. 
Period over which linearity 
of the creep compliance 
curve is attained. 
Determined by experiment. 
To confirm time at which the 
creep curve attains 
linearity. 
To study polymer properties 
at low moisture content. 
To study influence of 
moisture sorption on 
viscoeiastic properties. 
With the test sample rigidly clamped beneath the indenter tip, the 
indenting probe was gently lowered onto the surface of the test film 
until it just touched the film surface. The output of the LVDT at 
this point was then zeroed electronically and this was recorded as 
zero penetration depth (digital byte value = 0) by the data-logging 
system. The indenting load was lowered on to its stage above the 
indenter probe by a pneumatic bel lows system. This ensured uniform and 
reproducable load application. Collection of time-indentation depth 
coordinates was initiated automatically as soon as the applied load 
caused measurable indentation into the test film. The voltage output 
of the LVDT during indentation was recorded as digital byte values 
which were then converted to displacements in ~m. At the end of an 
indentation test, the logged data was converted to the form of a creep 
compliance curve by means of software specifically written for this 
work (see section 4.3.1). Data captured by the BBC microcomputer were 
stored on tlop~y discs, to al low for future graphical examination and 
analvsis by discrete mechanical analysis and continual spectral 
analysis. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Analysis of Creep Compliance 
Data obtained from the lel microindenter was in the form of a depth of 
indentation versus time profile. In order to yield the most 
information it was necessary to convert this data to the form of a 
" t t mple l'S l'ndented by the indenter creep curve. However, as a es sa 
sphere the indentation geometry and hence the stress conditions are 
continually changing. A solution to the problem of the partial 
penetration of an incompressible semi-infinite plane viscoeiastic 
surface by a smooth rigid sphere has been suggested by Lee and Radok 
(1960). They derived the following equation: 
J(t) = (16/3) RO.~ (l/F) h(t)3/2 (4.1) 
where Jct) is the overall creep compliance at time t, R is the radius 
of the indenting sphere, F is the indenting force, and hCt) is the 
depth of indentation at time t. By the incorporation of constants 
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into the software, indentation depth was converted to creep compliance 
using the equation of Lee and Radok (1960) and the data stored on 
floppy disc for further analysis. In the present work indentation 
profiles were determined only under load and not in recovery. The 
stress conditions with application of load on a spherical indenter are 
given explicitly by the solution to the equation of Lee and Radok 
(1960). On removal of the indenting load, however, the prevail ing 
stress conditions are something of an unknown quantity. The observed 
strain recovery may be a function of stress transmission from the test 
sample to thE indenter sphere (decreasing with time as the sample 
recove~s) and of the elastic recovery of the crossed fiexure bearings 
ot the indenter beam. 
Figure 4.4 shows an idealised creep compliance curve annotated with 
the three discrete components of creep, described below. Analysis of 
such a curve is carried out using the classical methods reviewed by 
t;arry (1874). 
Figure 4.4 An Id~aiised Creep Curve 
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1. A B is the region of instantaneous elastic deformation. 
The compliance (Jol is obtained by dividing the shear strain Eo(t) 
measured at the onset of applied shear stress (i.e. at time t = 0) by 
the shear stress ~. 
J o = Eo (t>/~ = l/Go (4.Z) 
Go is the shear elastic modulus. 
2. B - C is the retarded elastic region with a compliance 
(JRl. Using mean values for the parameters: 
[1 - exp~-tiT")] (4.3) 
where J" is the mean compliance of all the bonds involved and T" is 
the mean retardation time ( = J" / ~" ). is the mean viscosity 
associated with the retarded elastic region and ER (t) is the strain 
in this region. This holds where the retarded elastic behavior can be 
characterised by a single Voigt unit. Where more than one Voigt unit 
is necessary J R is a summation of the individual comp'liances of all 
the Voigt units involved: 
n 
1: J, [1 - exp(-tiT,) 1 
3. C - D is the linear region of non-recoverable lNewtonian ~iscous) 
camp I iance J N where: 
(4.5) 
y?o is the apparent Newtonian viscosity of viscous tlow and EN ( t) is 
the strain. In this region bonds may rupt,ure 30 that the time 
required for them to reform is greater than the test period and the 
entities flow past each other. 
On removal of the indenting stress there is some strain recovery; an 
instantaneous elastic recovery (D - Ei of the same magnitude as the 
initial elastic deformation (A - B) followed by a retarded elastic 
recovery (E - F) equivalent to (B - C). In the viscous region (C - D) 
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bonds are irreversibly broken and the initial structure is not 
recovered. i.e. the deformation is plastic and permanent. 
4.3.1.1 Discrete Mechanical Analysis of Creep Compliance 
Characterisation of the creep curve in terms of Maxwell and 
mechanical models is termed discrete mechanical analysis. 
Voigt 
The 
viscoelastic response can then be quantified in terms of the 
mechanical properties of the Hookean spring and the Newtonian dashpot. 
Classical analysis of the creep curve using graphical techniques is 
illustrated in Fig. 4.5 (a-c). 
The instantaneous elastic compliance Jo is obtained directly from the 
creep curve as time tends to zero. The rigidity modulus Go is given 
by the reciprocal of J o • The apparent Newtonian viscosity ?o 
associated with the compliance of non-recoverable deformation is 
obtained from the slope of the late linear portion of the creep curve 
since: 
(4.6) 
Resolution of the discrete Voigt units required to model the retarded 
elastic region is achieved graphically using an exponential stripping 
technique. The retarded elastic compliance J R is the summation of 
compliances due to the individual Voigt units: 
n 
(4.71 
Expanding the expression and defining a function Q such that: 
n 
exp(-tlT;) (-'t. 8) 
Q represents the distance at any time t between the curved portion or 
the creep curve and the extrapolated late linear region, assuming that 
linearity is attained, (Fig. 4.5a). 
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Figure 4.5 Discrete Mechanical Analysis of the Creep Curve Using 
Graphical Technigues 
a. 
J(t) 
Time t 
b. 
In a 
Time t 
c. 
In [a - Jj exp( -t/rj)] 
Time t 
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Ignoring the summation and expressing the equation logarithmically 
then: 
(4.9) 
InQ is then plotted against time (Fig. 4.5b). At late times the plot 
tends to linearity. The intercept of the extrapolated linear plot and 
the reciprocal of the slope gives the compliance J 1 and retardation 
time 1"1 respectively for the first Voigt unit. The apparent 
viscosity of the dashpot component of the Voigt unit is given by: 
(4.10) 
Non-linearity at early times indicates the presence of more than one 
resolvable Voigt uni t. The magnitude of the compliance and 
retardation time of the second Voigt unit is found by plotting: 
In [Q-J 1 exp(-t/'ll)] against time, equivalent to the distance between 
the curved region at early times and the extrapolated late linea~ 
region (Fig. 4.5c). The general process is repeated for subsequent 
VGigt units until the early time data is linear. 
4.3.1.2 Continuous Spectral Analysis of Creep Compliance 
An alternative to discrete mechanical analysis is the use of continous 
spectral analysis. The creep compliance curve can be manipulated so 
as to construct a continuous spectrum of retardation times. This 
spectrum represents viscoelasticity in a more generalised manner than 
functions such as Jlt) although graphical construction is sti II 
tedious and interpretation of the spectra obtained is difficult. The 
number of Voigt units in the retarded elastic region of the creep 
curve is regarded as extending to infinity, and the retardation 
spectrum L, is defined by the continuous analogue of creep compliance: 
III 
J(t) = J o + r L('[) [1 - exp(-tl'r) din 'T + tI~o] (4.11) 
J 
-11) 
L has the nature of a distribution function with the dimensions of 
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compliance. This treatment accepts that in a complex (real) material 
there is such a large number of different molecular interactions that 
a wide range of retardation times exist, but that differences between 
adjacent retardation times may be infinitesimal. The complete spectrum 
may extend over several orders of magnitude, 50 by convention a 
logarithmic representation is used. Maxima in the spectrum indicate 
concentrations of retardation processes (which are time-dependent 
elastic strain mechanisms at a molecular level) as measured by their 
contribution to the overal I compliance. 
~lethods for the construction of retardation spectra have been 
described by Alfrey (1948) and Schwarzl and Staverman (1952). The 
value of the distribution function L(T) at any time can be derived 
from a first order differential approximation: 
L(T) d [J(t) - t /¥?o )) / dint (4.12 ) 
t = 2T 
The elastic component of creep compliance (J(t) - t/r;o) derived from 
the creep curve is plotted against InCt). The gradient of this curve 
is calculated at selected points providing the data to calculate L(T). 
This method has the disadvantage that ~?o must be known, i. e. the 
steady state region of viscous flow must be attained. Where the 
iinear viscous region is not reached, for example in systems where 
several hours are required to ensure that all Voigt units are fully 
extended, a second order approximation may be used: 
LCT) = d [JCt) - dJ(t) / dint)] / dint (4.13) 
Application of the second order apprOXimation CSchwarzl and Staverman, 
1952) is illustrated in Fig. 4.6. 
Both discrete mechanical and continual spectral analysis traditionally 
require laborious and potentially inaccurate graphical analysis. For 
the present work, several programs were written in BASIC to carry out 
the above data analyses rapidly and with accuracy. Validation of the 
programs was carried out by comparing the results of manual graphical 
analysiS and computer-aided analysis of the same creep curve. 
Page 159 
Figure 4.6 Continuous Spectral Analysis of the Creep Curve Using 
a Second Order Approximation 
a. 
J(t) 
Int 
b. 
J(t) - dJ(t)/ dint 
lnt 
c. 
L ('T) -
d[J(t) dJ(t)/ dlnt]/ dint 
Int 
(t = 2'T) 
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4.3.2 Visual Evaluation of the Creep Compliance Curves 
Figures 4.7, 4.8 and 4.9 show the creep compliance profiles for 
unplasticized films of PVP, HPMC, and Starch equilibrated at 0% RH, 
22.5% RH and 59.5% RH. Indentation profiles were recorded over a 
period of 1000 seconds. Qualitatively, the curves for each polymer 
were very similar. In all cases there was an initial elastic 
deformation followed by time-dependent viscoelastic and/or plastic 
deformations. Visual examination of the creep compliance profiles 
sugggested that in all cases linearity was attained within the test 
duration. 
Figure 4.7 
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Figure 4.8 
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PVP and HPMC films equilibrated at 0% RH exhibited a relatively short 
viscoelastic period and attained an equilibrium compliance after about 
100 seconds with no further indentation penetration detectable. This 
behaviour was typical of glassy-brittle materials and is classified as 
anelasticity (see Table 1.1). In contrast, Starch 1500 films 
equilibrated at 0% RH, showed a small but significant increase in 
creep compliance over the total duration of indentation. Equilibration 
of films at 22.5% RH and 59.5% RH produced corresponding increases 
(although small in the former case) in the magnitude of instantaneous 
elastic compliance and time-dependent viscoelastic and plastic 
compliances. This indicated that increased moisture content resulted 
in films which were both softer and more ductile. Significantly, for 
PVP and HPMC. an increase in moisture content was associated with a 
change in the creep compliance protile from anelastic to viscoeiastic. 
The creep compliance, thus, did not attain an equilibrium value but 
continued to increase with time due to viscoelastic and plastic 
strain. 
The effects or plasticization on the creep compliance profiles for the 
polymers are shown in Figs. 4.10a-b to 4.1Za-b. Changes in the 
profiles with increasing plasticizer content were qualitatively 
similar to those observed with increasing moisture content. Thus, an 
increase in PEG ZOO concentration in HPMC and PVP films or glyceroi 
in Starch 1500 films produced an increase in the magnitude of the 
instantaneous elastic compliance and an increase in time-dependent 
viscoelastic and plastic compliances. The magnitude of deformation 
was higher for film samples equilibrated at 59.5% RH than at 22.5% RH. 
PVP films equilibrated at 59.5% RH and containing 10%w/w or greater of 
PEG 200 were readily and rapidly deformed. The rate of deformation 
was so rapid that the maximum indentation depth measurable was 
exceeded within the test duration. even when using only a 19 indenting 
load. Consequently, for these plasticized PVP samples only. a test 
duration of 50· seconds was used. While it was accepted that the 
results would not be strictly comparable with those obtained over the 
longer test period, it was felt that useful information would still be 
obtained. 
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Figure 4.10 Influence of Plasticizer Content on the Creep ~ _ Compliance 
of PVP Films 
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Figure 4.11 Influence of Plasticizer Content on the Creep Compliance 
or HPI1C F i I m s 
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Figure 4.12 
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4.3.3 Discrete Mechanical Analysis 
Prior to the application of .discrete mechanical analysis, some creep 
profiles were recorded over a five kilosecond duration for PVP, HP MC 
and Starch 1500 films equilibrated at 22.5% and 59.5% RH. The 
resultant data indicated that the creep compliance curves tended to 
linearity within a test period of one kilosecond. Consequently. 
quantitative mechanical parameters were derived from indentations 
carried out over one kilosecond. Regression coefficients for the late 
linear portion of the creep compliance curve (determined within the 
time period 950 - 1000 seconds) were highly significant (p < 0.1). 
Validation of the analysis (effectively, a test of the assumption that 
the behaviour observed was linear viscoelastic) was performed by 
reconstruction of creep curves using the derived discrete mechanical 
parameters. Warburton and Barry (1968) suggested that if derived data 
agree within 2% of the experimental data the analysis may be accepted. 
The extent of agreement between derived and experimental data 
typically obtained in the present work is demonstrated in Fig. 4.13. 
Figure 4.13 Superimposition of Experimental ana Reconstituted 
Creep Curves 
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Superimposition of experimental and reconstituted curves substantiated 
the application of a linear viscoelastic model to characterise creep 
phenomena of polymeric films used here. Subsequently, all data was 
validated in this manner before accepting the derived parameters. 
Deviation of the reconstituted data from the experimental data was 
generally due to errors in assessing the point at which the data no 
longer supported the existence of a further Voigt unit. Recalculation 
of results omitting the last apparent Voigt unit invariable resulted 
in an acceptable fit of the data. As a general rule it was observed 
that resolution of distinct Voigt units was impossible where the 
retardation times differed by less than a factor of ten. The 
reciprocal of the late linear slope gave the uncoupled Newtonian 
viscosity (10) of the material. J o (and consequently Go) were 
determined from the value of creep compliance at time (t) = 0.5s. This 
was determined experimentally as the duration required for pneumatic 
application of the indenting load. In practice instantaneous load 
application was an unattainable ideal and J o would contain some 
contribution from viscoelastic compliance. 
Discrete mechanical parameters Tor unplasticized films of Starch 1500, 
PVP, and HP MC equilibrated at various relative humidities are given 
in Tables 4.3, 4.4 and 4.5 respectively. Corresponding parameters for 
the plasticized films are reported in Tables 4.6 to 4.11. Recorded 
parameters were the mean of not less than four replicate indentations. 
Coefficients of variation were within the range 10% to 20%, which was 
regarded as acceptable considering the sensitivity of the method used 
to generate the creep curves. Inspection of the data presented in 
Tables 4.3 to 4.8 showed that increased moisture content and 
plasticization both had 5ignificant effects on the elasticity, 
viscoelasticity, and plasticity of the polymer films. The nature and 
magnitude of these effects is discussed in the following sections. 
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Table 4.3 Effects of Storage Humiditz: on Discrete Mechanica.1 
Properties of Starch 1500 Fi lms 
Storage 0 22.5 59.5 
Humidity % RH 
Go (Pal 2.994 x lOB 2.932 x loa 1.426 X lOB 
J o (Pa- I ) 3.338 x 10- • 3.409 X 10- • 7.009 X 10- • 
J I (Pa- I ) 2.902 X 10- I 0 3.847 X 10- I 0 5.660 X 10- I 0 
J 2 (Pa- I ) 2.013 X 10- 1 C 0.888 X 10-· 2.633 X 10-· 
J 3 (Pa- I ) 4.658 X 10- 10 0.899 X 10-· 
TI (s) 37.6 257.0 94.3 
T2 (s j 5.1 31.5 27.0 
'1"3 (s) 3.1 2.0 
'Qo (Pa s) 6.370 X 1012 8.262 X 101 I 5.235 X 101 I 
If'l (Pa s) 1.298 X 1011 6.679 X 1011 1.663 X 1011 
'rh (Pa s) 2.552 X 1010 3.549 X 10· 1.165 X 1010 
~h (Pa s) 6.710 X 10· 2.175 X 10· 
Table 4 " .... Effects of Storage Humidit;i on Discrete Mechanical 
ProEerties of PVP Films 
Storage 0 22.5 59.5 
Humidity % RH 
Go (Pa) 9.322 X lOB 8.827 X lOB 5.913 X 10· 
J o (Pa - 1 ) 1.062 x 10- 9 1.132 X 10-· 1.689 X 10-· 
J 1 (Pa- 1 ) 1.628 X 10- I 0 1.203 x 10- I 0 3.433 X 10- I 0 
J 2 (Pa- I) 0.913 x 10- 1 0 2.449 X 10- I 0 
J 3 (Pa- I ) 1.536 X 10- I 0 
Tl (s) 24.5 36.9 67.3 
'1"2 (s) 4.4 9.8 
'[3 (s) 2.1 
'Qo (Pa s) > 1015 4.100 X 1012 1.032 X 1012 
'Ql (Pa 5) 1.659 x 1011 3.107 X 1011 1.977 X 101 I 
~72 (Pa s) 4.802 X 1010 3.980 X 1010 
'Q3 (Pa s) 1.341 X 1010 
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Table 4.5 
Storage 
Humidity % 
Go (Pa) 
J o (Pa- 1 ) 
J I (Pa- 1 ) 
J 2 (Pa- 1 ) 
J. (Pa- 1 ) 
TI (s) 
'12 \ s) 
1"3 (s) 
?o (Pas) 
J?1 (Pa s) 
'!'2 (Pa s) 
'73 (Pa s) 
Tabie 4.6 
Glycerol 
% w/w. 
Go (Pa) 
J o (Pa- 1 ) 
T (Pa- 1 ) .., 1 
J 2 (Pa- 1 ) 
J 3 (Pa- 1 ) 
'11 (s) 
'12 ( s ) 
'T3 (s) 
?o (Pa Si 
't'1 (Pa s) 
?2 (Pa s) 
'-/3 (Pa 5 ) 
Effects of Storage Humidity on Discrete Mechanical 
Properties of HPHC Films 
o 22.5 
RH 
7.581 X 109 6.855 X 10· 5.377 
59.5 
x lOB 
1.318 X 10- 9 
1. 614 x 10- 1 0 
1.458 X 10- 9 1.840 x 10- " 
1.289 x 10- I 0 6.399 x 10- I 0 
4.005 x 10- 1 0 
2.364 x 10- 10 
39.56 22.03 291.05 
37.92 
3.45 
> 10 1 ~ 4.675 X 1012 9.138 x 10' 1 
1.977 X 1011 1.707 X 1011 4.533 X 1011 
9.466 X 10 10 
1. 461 X 10 10 
Effects of Piasticizer Concentration on Discrete 
Mechanical Properties of Starch 1500 Films (22.5% RH) 
0 10 20 30 
2.932 x 10B 1.785 x 10· 9.314 x lOB 4.358 x 10 7 
~.409 X 10-" 5.600 X 10- 9 8.140 X 10-" 2.293 X 10- 9 
3.847 x 10- 1 0 4.885 x 10- 1 0 1.883 x 10- 0 2.980 x 10- 9 
8.880 x 10- 1 0 9.200 x 10- 1 0 1.646 x 10- 9 4.071 X 10-" 
4.658 x 10- 1 0 3.540 x 10- 10 2.243 x 10- • 3.540 X 10-' 
257.0 140.0 90.5 179.8 
31. 5 37.0 15.5 35.0 
3.1 2.1 2.8 8.1 
8.262 X 1011 6.624 X 101 I 4.152 X 1011 1.524 X 1011 
3.549 x 1011 1.920 X 1011 4.802 X 1010 6.031 X 1010 
3.549 X 1010 3.283 X 1010 9.324 X 10' 9.334 X 10' 
6.717 X 10' 5.960 X 10" 1.334 x 10' 2.300 X 10" 
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Table 4.7 Effects of Plasticizer Concentration on Discrete Mechanical 
Proeerties of Starch 1500 Fi I ms (59.5% RH) 
Glycerol 0 10 20 30 
% w/w. 
Go (Pa) 1.426 x 108 6.645 X 10 7 L.669 X 107 9.943 x 10· 
J o (Pa- , ) 7.009 x 10-- 1.504 x 10- 9 3.745 x 10- 9 1.005 x 10- 7 
J, (Pa- , ) 5.664 x 10- 1 0 1.486 x 10- • 5.009 x 10- • 2.251 x 10- 9 
J 2 (Pa - 1 ) 2.315 x 10- • 3.462 x 10- • 3.982 x 10- • 1.593 x 10- 9 
J 3 (Pa- 1 ) 8.990 x 10- 1 0 1. 681 X 10- 9 2.520 X 10-· 
'1"1 ( s ) 94.3 107.0 72.9 55.6 
1"2 ( s) 27.0 22.1 15.7 4.5 
T3 (s) 2.0 1.3 5.7 
'10 (Pa s) 5.235 X 10' , 1. 622 X 10' 1 8.750 x 10' 0 8.064 X 10' c 
'11 (Pa s) 1.663 X 101 , 7.196 X 1010 1.454 X 10' 0 2.524 x 10-
t/2 (Pa s) 1. 165 x 10' 0 6.382 X 10· 3.94L X 10· 2.830 X 108 
"/3 (Pa s j 2.223 X 109 8.146 X 108 2.271 X 108 
Table 4.8 Effects of Plasticizer Concentration on Discrete Mechanical 
ProEerties of PVP Fi I ms (22.5% RH) 
PEG 200 0 5 10 15 
% w/w. 
Go (Pa) 8.827 x 108 8.070 x 109 5.334 x 108 3.997 x 108 
J o (Pa- , ) 1. 132 x 10-' 1.239 x 10-' 1.876 x 10- • 2.500 x 10- 9 
J I (Pa- • ) 1.203 x 10- I 0 1.983 x 10- 1 0 4.375 x 10- 1 0 6.145 x 10- I 0 
J 2 (Pa-' ) 9.130 x 10- 1 I 7.780 x 10- I I 2.080 x 10- I 0 2.138 x 10- 1 0 
J 3 (Pa - 1 ) 2.107 x 10- 1 0 
'1"\ ( s ) 36.9 30.0 64.9 91.4 
T2 (s) 4.4 3.4 5.9 19.9 
1"3 (s) 5.7 
'10 (Pa s) 4.100 X 10' 2 3.442 X 10' 2 1. 021 X 1012 5.550 X 101 \ 
;/1 (Pa s) 3.107 X 101 I 1. 511 X 10' I 1.454 X 101 I 1.487 X 101 , 
'72 (Pa s) 4.802 x 1010 4.378 X 101c 3.531 X 1010 9.347 X 1010 
'73 (Pa s) 2.727 X 1010 
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Table 4.9 Effects of Plasticizer Concentration on Discrete Mechanical 
ProEerties of PVP Films (59.5% RH) 
PEG 200 (% w/w) 0 5 10' 15" 
( . Indentations carried out over 50 seconds) 
Go (Pa) 5.913 x lOB 3.916 X lOB 2.842 X lOB 2.842 x 10· 
J o (Pa- 1 ) 1.689 x 10- • 2.552 x 10- • 3.540 x 10-' 3.540 x 10- 7 
J! (Pa- 1 ) 3.433 x 10- , 0 2.657 x 10- , 0 5.976 x 10- 1 0 5.815 x 10- I 0 
J 2 (Pa- 1 ) 2.449 x 10- 1 0 8.150 x 10- , 0 1.448 x 10-' 5.571 X 10- 7 
JJ (Pa- 1 ) 1.536 x 10- , 0 4.044 x 10- , 0 
'T, (s) 67.3 215.3 18.7 7.7 
'[2 (s) 9.8 22.4 1.5 1.4 
'TJ (s) 2.0 4.2 
~:; 0 (Pa s) 1.032 x 1012 2.460 X 101 I 3.317 x 10' 1.408 X lOB 
~J I (Pa s) 1.977 X 10' I 8.101 X 10' 0 3.131 X 10" 1.320 X 107 
"}2 (Pa s) 3.983 X 10'0 2.750 X 1010 1. 021 x 10' 2.466 X 10· 
~7J (Pa s) 1.341 X 1010 3.317 X 10" 
Table 4.10 Effects of Plasticizer Concentration on Discrete Mechanical 
ProEerties of HPMC Films (22.5% RH) 
PEG 200 (% w/w) 0 10 20 30 
Go (Pa) 6.855 x lOB 6.207 X lOB 2.604 X lOB 1.204 X lOB 
J o (Pa- , ) 1.458 x 10-' 1.607 x 10- • 3.830 X 10-" 8.290 X 10-' 
J 1 (Pa- 1 ) 1.289 x 10- 1 0 2.590 x 10- 1 0 5.954 x 10- 1 0 2.753 x 10-< 
J 2 (Pa - 1 ) 1.862 x 10- 1 0 4.918 x 10- 10 1. 321 x 10-' 
JJ (Pa- 1 ) 4.043 x 10- 1 0 1.280 X 10-" 
'T, (s j 22.0 128.8 241. 4 219.9 
72 (s) 15.7 29.2 36.5 
'1"3 ( 5 ) 4.9 7.5 
'10 (Pa 5 ) 4.675 X 1012 3.968 X 1012 7.019 X 101 , 2.872 X 10' 1 
'/1 (Pa s) 1.707 X 1011 4.546 X 10' 1 4.055 X 1011 7.987 X 10' 0 
'/2 (Pa 5 ) 8.474 X 1010 5.942 X 1010 2.759 X 10' 0 
'/3 (?a s) 1. 219 X 10' 0 5.833 x 10' 
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Table 4.11 Effects of Plasticizer Concentration on Discrete Mechanical 
PEG 
Go 
J o 
J. 
J 2 
J 3 
J. 
T. 
T2 
T3 
T. 
"7. 
'11 
?2 
)073 
'-::' .. 
200 (% 
(Pa) 
(Pa- • ) 
(Pa- • ) 
(Pa-' ) 
(Pa- • ) 
(Pa- • ) 
(s) 
e s) 
( s) 
( s) 
(Pa s) 
ePa s) 
ePa s) 
(Pa s) 
ePa s) 
ProEerties of HPI1C Fi lms (59.5% RH) 
w/w) 0 
5.377 l< 
1.859 x 
6.437 x 
4.005 x 
2.364 X 
:'91. 0 
37.9 
3.4 
9.138 :< 
4.533 x 
3.466 x 
1. 461 X 
4.3.3.1 
10 20 30 
10· 3.231 X 108 1.245 X 108 5.802 l< 107 
10- q 3.095 l< 10- q 8.032 x 10- • 1.723 X 10- 8 
-10- • 0 1. 159 x 10- • 2.131 x 10- • 1. 011 l< 10- 8 
10- • 0 1. 015 x 10-' 1.789 x 10-' 5.143 x 10- • 
10-. 0 1.669 x 10- 9 2.897 x 10-' 
1. 612 x 10- • 
102.7 126.9 235.3 
9.6 27.7 27.9 
4.8 4.0 
1.1 
10' • 5.988 l< 10' 1 1.768 X 1011 3.944 X 10' • 
10' I 8.857 X 10' 0 5.956 X 10' 0 2.326 X 10 10 
1010 9.442 x 10' 1. 550 :< 10,0 5.240 x 10' 
10' 0 2.875 x 10' 1.387 x 10' 
6.823 x 108 
The Influence of Moisture Content on Polymer 
Plasticity and Elasticity 
The influence of storage humidity on rigidity modulus Go and Newtonian 
viscosity. "70 for the three polymers is summarised by Figs. 4.14a and 
4.14b respectively. 3ince changes in rigidity modulus and plastic 
viscosity may cover several orders or magnitude the data was 
represented logarithmically. 
For all the polymers examined. increased moisture content resulted in 
a decrease in the measured rigidity modulus ~Fig. 14a) . For 
unplasticized binders the rank order for the magnitude of the modulus 
was PVP > HPMC ) Starch 1500 irrespective of the storage humidity. PVP 
was most resistant to deformation whil.st Starch 1500 was most readily 
deformed. A similar rank correlation for Young's modulus was observed 
in Chapter three (section 3.4.1). Comparison of the moduli reported 
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Figure 4.14 Influence of Moisture Content on Polymer Elasticity and 
Plasticity 
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in Tables 4.3. 4.4 and 4.5 with the Young's moduli in Table 3.3 of the 
previous chapter revealed a considerable difference in magnitude. 
however. Young's moduli obtained from tensile tests were of the order 
of two to five times greater than the rigidity moduli obtained from 
the instantaneous elastic indentation. Moduli differences most 
probably arose as a consequence of the different mode of deformation 
induced by the respective test methods. Thus, Young's modulus was 
obtained from deformation in tension whereas the rigidity modulus Go 
was obtained from deformation in shear. These results indicate that 
the polymers examined in the present work deform more readily in shear 
than in tension. Since Hookean elasticity is ideally instantaneous, 
differences in the initial rate of strain imposed by the two test 
methods should not influence the value of the moduli obtained. In 
practice. some strain-rate dependence (albeit small) would be 
inevitable due to the finite time over which stress was applied, and 
the finite time required for any mechanical deformation. 
In parallel with the decreased stiffness of the polymers. increased 
moisture content also resulted in a reduction in plastic viscosity ?o 
(Fig. 14b). Regression of the late-l inear portion of the creep curve 
for PVP and HPMC films equilibrated at 0% RH yielded Newtonian 
viscosities greater than 1015 Pa s. The regression coefficients for 
the analyses were not significant, however, confirming that compliance 
haa attained a time-independent equilibrium value. The sorption of 
moisture by equilibration at 22.5% RH or 59.5% RH was, therefore, 
responsible for the induction of significant plastic deforation. 
Viscosities for PVP and HPMC films were generally of a similar 
magnitude. Starch 1500 1ilms, however, had lower viscosities than 
observed for the other polymers at all conditioning humidities. These 
results indicated that Starch 1500 was more easily deformed in a 
plastic manner, however, the application of stress was also associated 
with greater elastic strain. 
The absence of plasticity noted for PVP and HPMC films equilibrated at 
0% RH, was consistent with the mechanical properties of amorphous 
polymers at temperatures well below their glass transition. The 
behaviour of Starch 1500 under similar conditions suggested, however, 
that flow in the crystalline domains may acount for the observed 
plasticity at very low moisture content. 
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4.3.3.2 The Influence of Plasticizer Content on Polymer 
Elasticity and Plasticity 
The effect of plasticizer content on the rigidity modulus Go and 
Newtonian viscosity ?o for the three polymers is summarised by Figs. 
4.15a and 4.15b respectively. Incorporation of increasing levels of 
PEG 200 in HPMC and PVP or glycerol in Starch 1500 resulted in a 
progressive decrease both in the modulus and the apparent viscosity. 
The influence of increased plasticizer content was thus analogous to 
the influence of increased moisture sorption (section 4.3.3.1). The 
figures also showed that plasticized films equilibrated at 59.5% RH 
were-both softer and more ductile than those equilibrated at 22.5% RH. 
Sorbed moisture and the plasticizer inclusion therefore acted in 
concert to modify the mechanical properties of the polymer matrix. 
At equivalent plasticizer content and conditioning humidity, the rank 
order for plasticized binders generally reflected the rank order tor 
unplastic~zed binders. Thus, plasticized Starch 1500 films were 
generally softer and more plastic than the corresponding PVP or HPMC 
films. There was, however, an exception to this. Incorporation of PEG 
200 in PVP films equilibrated at 59.5% RH resulted in a sharp decrease 
both in rigidity and plasticity around the 10% to 15% inclusion level. 
The magnitude of the changes were of the order of several log 
reductions. Gross changes in the viscoelastic properties of polymers 
are commonly observed around the temperature of the glass transition. 
It appeared that the inclusion of a highly compatible plasticizer 
coupled with PVP's affinity for water resulted in a glass transition 
temperature at or below ambient. The absence of a similar trend for 
HPMC and Starch 1500 reflected the lower extent of polymer-plasticizer 
compatibility and also the lower moisture atinity at those polymer 
formers. 
4.3.3.3 The Influence of Moisture Content and Plasticizer 
Content on Viscoelastic Deformation 
An increase in either the moisture content or the plasticizer content 
of the polymers, resulted in significant changes in the constitution 
of the discrete spectral analysis (Tables 4.6 - 4.11). Generally, 
although there were exceptions, an increase in moisture or 
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Figure 4.15 Influence of Plasticizer Content on Polymer El _ asticity 
and Plasticity 
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Starch 1500 (22.5% RH) A 
Starch 1500 (59.5% RH) ~ 
plasticizer levels resulted in an increase in the number of resolved 
VOigt units. Unplasticized films equilibrated at O~ RH were adequately 
modelled by very simple discrete spectra. In the case of PVP and HP MC 
the observed behaviour was described by a Hookean spring in series 
with a single Voigt unit. Starch 1500 required the addition of a 
viscous dashpot to characterise the continuing increase in creep 
compliance with time due to plastic flow. In the latter case, the 
mechanical behaviour was modelled by a generalised viscoelastic model 
consisting of a Maxwell and a Voigt unit in series. Moisture sorption 
by equilibration at either 22.5% RH or 59.5% RH produced a number of 
changes in the discrete spectra. The induction of plasticity in both 
PVP and HPMC at the higher humidities required the addition of a 
viscous dashpot to model non-recoverable deformation, such that these 
polymers were also decribed by a generalised viscoelastic model. 
Starch 1500 generally exhibited a more complex viscoelastic behaviour 
than either PVP or HPHC, requiring a greater number of constituent 
Voigt units to model its mechanical properties. This probably 
resulted from the greater heterogeneity of starch systems, 
particularly with respect to the presence of crystallinity. 
In addition to the influences on uncoupled elastic and plastic 
components (discussed in sections 4.3.3.1 and 4.3.3.2), increased 
moisture or plasticizer content generally resulted in an increase in 
the number of Voigt units required to model the retarded elastic 
deformation. This indicated that both increased moisture content and 
plasticization facilitated deformations which were distinctly 
different at the molecular level. Numerical values assigned to the 
constituent Voigt units enabled the changes to be quantified, although 
they were of little fundamental significance. An exception to the 
general rule was observed for PVP films equilibrated at 59.5% RH. In 
these films, increasing the plasticizer level from 10% to 15% PEG 200 
resulted in a decrease in the number of resolved Voigt units. While 
these results may be atypical since they were derived from very short 
indentation profiles, the magnitude of the changes indicated that the 
plasticized polymer was close to its glass transition point. It might 
be expected that, as a polymer passes through the glass transition 
point to behave as an ideal viscous fluid, the number of Voigt vnits 
required would diminish as the discrete spectrum degenerates to a 
single dashpot. 
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Examination of di~crete mechanl'cal pa t ht'  rame ers c arac erlsing the 
viscoelastic region revealed a number of features. As Voigt units 
increased fram i = 1 to i = n (where n is the maximum number af Voigt 
units required) the apparent viscosity ?I and the retardation time T I 
of the respective Voigt units decreased. There was no consistent 
trend for the respective compliance contribution J 1 , however. At 
short times, the apparent viscosity (or internal friction), was small 
compared with the apparent rigidity modulus G1 (the reciprocal of J 1 ). 
Thus, deformation at short times was predominantly elastic in nature 
and strain recovery on removal of the indenting load would be rapid. 
The corollary to this is that at zero time the observed mechanical 
properties would be those of unretarded (Hookean) spring, with 
infinitesimal retardation time. 
Comparison of the numerical constants for equivalent Voigt units, (i.e 
first Voigt, second Voigt, etc.) for a polymer with increased moisture 
or plasticizer content did not reveal any consistent trends. This was 
not surprising for a number of reasons. Firstly, it would be unlikely 
fer polymer deformations or conformation changes to progress in an 
ideally continual manner. Quantum-type changes would be more probable 
since deformations which were prohibited or frozen at low moisture or 
~lasticizer concentration may be facilitated at higher concentrations 
where polymer segmental free volume was greater. Evidence to support 
this concept may be found in the thermomechanical properties of 
polymers. 
In addition to the true glass transition temperature, some polymers 
may exhibit characteristic thermomechanical transitions at lower 
temperatures. These are associated with increased segmental mobility 
over limited regions of the polymer chain, for example, within side 
chain substituents (branched polymers), within amorphous regions 
(partially crystal line polymers) or between entanglement couplings. 
Okhamafe and York (1988) suggested that this may be analogous to the 
loss of tertiary or secondary structure in thermally treated proteins. 
The latter workers showed that PVA and HP MC each undergo at least two 
distinct thermal transitions. Other workers (Abdul-Razzak, 1980; 
Majeed, 1984 and Mochun, 1984) have also reported low temperature 
thermomechanical transitions in HPMC films. Since plasticization 
reduces the true glass transition temperature (by increasing free 
Page 179 
volume) then, by analogy, the necessary temperature for other 
th~rmQmechsnicsl transitions may similarly be lowered. Consequently, 
plasticization may facilitate mechanical transitions at room 
temperature which are prohibited in the absence of plasticizer. 
4.3.4 Continuous Spectral Analysis 
Continuous retardation spectra were constructed by means of a BASIC 
program written to perform the second-order approximation discussed in 
section 4.3.1.2. The source data in each case was a representative 
creep compliance versus time curve. The resulting spectrum was 
plotted as the magnitude of the distribution function (L) versus the 
natural log of time. Retardation times in the continuous spectrum 
were obtained from the elapsed time divided by two (section 4.3.1.2). 
Interpretation of the continuous retardation spectra was necessarily 
more complicated than tor the discrete case, and a simple mechanistic 
interpretation was not possible. Nevertheless, a number of general 
observations could be made regarding the influence of moisture 
sorption and plasticization. 
4.3.4.1 Continuous Retardation Spectra of 
Unplasticized Binders 
Continuous spectra for unplasticized PVP, HPMC and Starch 1500, 
equilibrated at 0% RH. 22.5% RH and 59.5% RH are shown in Figs. 4.16, 
4.17 and 4.18. Maxima in the spectra represent concentrations of 
retardation processes (which must be similar at the molecular level) 
as measured by their contribution to the overall creep compliance. 
Thus, shifts in the position of maxima indicated fundamental changes 
in the nature of the retardation process at the molecular level. The 
heights of maxima within a spectrum represent the relative number of 
retardation processes having retardation times around the peak. 
Retardation spectra for unplasticized films equilibrated at 0% RH were 
simple. HP MC and PVP exhibited a single peak, whereas two peaks were 
resolved for Starch 1500. Equilibration of the films at higher 
relative humidities resulted in a number of changes in the form of the 
retardation spectrum. 
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Figure 4.16 Influence of Moisture on the Continuous Retardation 
Spectrum of PVP 
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Figure 4.17 Influence of Moisture on the Continuous Retardation 
Spectrum of HPI1C 
40xi0- t I 0% RH • 22.5% RH • 
59.5% RH • '~i'. I \ I \ 
I \ 
\ 
\ 
-
"'-' 
\ , ... 
~ I ... 
I " 
n:i 
I \. , \ 
I 
"" 
\ 
C- I 
-' 
-
20xi0- I I 
I::- I 
-
~ 
, ~ 
.. I 
-' 
\. 
I 
....:t 
, 
" , \, 
, 
, .. , 
, .. 
.. ' • , , • " ; .. ' \. " \. .. 
'" .... 
I \. 
.... 
, , ,; 
" 
... 
, 
, 
\. \. 
, 
'" 
, 
.. \. , 
J'"-'**--: " .. ..... 
, 
.... 
, , 
0 
0.5 5 50 
500 
Retardation time (5 ) 
Page 181 
Figure 4.18 Influence of Moisture on the Continuous Retardation 
Spectrum of Starch 1500 
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The changes were qualitatively the same. irrespective of the poiymer. 
exami ned and are summar i sed, in genera I terms, as: 
- broadening of the spectrum 
- resolution of a greater number of retardation 
concentrations Cpeaks in the spectrum! 
- increase in the height of the spectrum 
A broadening of the retardation spectrum was common to all three 
polymers as the conditioning humidity was raised from 0% RH to 59.5% 
RH. This showed that viscoelastic deformation of films containing 
increased moiscure levels involved processes with a greater spread of 
retardation times than observed for the dried films. There was also 
an increase in the number of maxima in the continuous spectrum. 
Although there was some shift on the time axis, all curves for the 
same polymer retained one peak of similar retardation time. This 
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implied that, in each case, there was at least one fundamentally 
similar association or interaction at the molecular level contributing 
to the retardation phenomema. The appearence of more than one 
distinct maxima, however, implied that the sorption of moisture 
resulted in the enabling of some fundamentally different translations 
at the molecular level. Films equilibrated at 58% RH exhibited three 
retardation maxima, with one peak at shorter retardation time, and one 
peak at longer retardation time than the common peak. The appearence 
of a peak at longer times indicated that at higher moisture content, 
viscous deformations which were otherwise prohibited were enabled or 
"unfrozen". The resolution of a peak of characteristically shorter 
retardation time implied that some element of deformation which was 
coupled, i.e. subject to viscous retardation, became uncoupled at 
higher moisture content and hence less time-dependent. 
There was a general increase in spectra height with increasing 
moisture content. This was consistent with a 1055 of rigidity and 
general softening of the polymeric matrix. At the molecular level, 
this may be explained by an overall reduction in the number of 
interactions contributing to retardation. At infinitely long time the 
distribution function (L) should vanish when the polymer either 
attains a constant equilibrium compliance or the polymer reaches 
steady state (Newtonian) flow. The tendency of the spectra to zero at 
about 1000 seconds duration (earlier for 
confirmed that this was the case. 
unplasticized films) 
4.3.4.2 The Effects of Plasticization on Continuous 
Retardation Spectra 
The continuous spectra for plasticized binders, equilibrated at either 
22.5% RH or 59.5% RH, are shown in Figs. 4.19a-b, 4.20a-b and 4.21a-b. 
The spectrum obtained for the unplasticized binder was also included, 
for comparison. At 59.5% RH continuous spectra for PVP films were 
derived only for the 5% PEG 200 level. Creep curves at the higher 
plasticizer levels were recorded over too short a 
meaningful analysis. 
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time period for 
Figure 4.19 Influence of Plasticizer Content on the Continuous 
Retardation Spectrum of PVP 
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Figure 4.20 Influence of Plasticizer Content on the Continuous 
Retardation Spectrum of HPMC 
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Figure 4.21 
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In many respects, the effect of increasing plasticizer level was 
analogous to the effect of increased moisture content in the previous 
section. Thus, inclusion of increasing amounts ot PEG 200 (in HPMC and 
PVP) or glycerol (in Starch 1500) resulted in an increase in the 
height of spectra, changes in the number of retardation maxima, and 
shifts in peak positions. Although the observed trends were generally 
similar for all three binders, some binder dependent differences were 
observed. For PVP and HPMC, increasing plasticizer content was 
generally associated with an increase in the number of retardation 
maxima in the spectra. At 22.5% R.H the spectra for Starch 1500 
films exhibited three maxima irrespective of the glycerol content. At 
59.5% RH, however, spectra for films containing 20% or 30% glycerol 
inclusion had only two maxima. 
At the lowest levels of plasticizer inclusion (10% by weight in HPMC 
and Starch 1500; 5% by weight in PVP) the characteristic shape of 
retardaLion spectra were similar to those obtained for the 
unplasticized films. This indicated that the processes determining 
viscoelastic retardation were essentially identical at the molecular 
level. Further increase in plasticizer level resulted in changes both 
in the relative height of spectra and in the retardation times of the 
maxima. This was consistent with fundamental changes in the 
retardation process at the molecular level. 
The relative height of maxima in the spectra generally increased with 
longer time, particularly as the level of plasticizer was increased. 
This behaviour was most noticable for PVP and HPMC (Figs. 4.19a and 
4.20a). There were exceptions, however. Spectra obtained for Starch 
1500 films containing 20% or more of glycerol (Fig. 21a) exhibited 
higher maxima at shorter retardation times. The greater significance 
of processes having short retardation time in the overall viscoelastic 
strain of starch films, may reflect some influence of the crystalline 
component of the polymer matrix. 
Differences in the form of the retardation spectra recorded at 59.5% 
RH reflected the relative moisture affinity of the polymers. HPMC had 
the lowest affinity for moisture. Spectra for plasticized HPMC films 
equilibrated at the higher humidity were increased in height, although 
peaks were located at similar times. This indicated that interactions 
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contributing to retardation remained similar in fUndamental nature, 
altheugh the number et interactions were reduced. This was not evident 
tor PVP or Starch 1500. For the latter polymers, equilibration at the 
higher humidity resulted both in increased spectra height and changes 
in the distribution and concentration of retardation processes. Of 
the binders examined, PVP was observed to have the greatest affinity 
tor moisture. Data on discrete mechanical properties of plasticized 
PVP films (section 4.3.3) indicated that gross mechanical changes 
occured with the inclusion of 10% or more of PEG 200 and equilibration 
at 59.5% RH. This would involve significant changes in retardation 
processes at the molecular level. The spectrum obtained for PVP 
containing 5% PEG 200 at 59.5% RH was, thus, greatly different from 
that obtained at the lower conditioning humidity. Starch 1500 had an 
intermediate moisture affinity and, in the presence of only 10% 
glycerol, showed a similar retardation distribution to that observed 
for the film equilibrated at 22.5% RH. At 20% glycerol inclusion or 
higher, there were significant shifts in the positions of retardation 
maxima along with the loss of one peak. These shifts indicate 
significant changes in the fundamental mechanisms contributing to 
retardation. 
4.4 Discussion 
4.4.1 Mechanistic Interpretation of Viscoelastic Phenomena 
Simple mechanical models produced by combining Hookean springs and 
Newtonian dashpots provide a useful macroscopic representation of the 
elastic and viscous properties of real materials. The components of 
the discrete spectrum are, however, an arbitrary set of parameters. 
The retardation time is a product of a compliance and its associated 
or "coupled" viscosity; any number of compliance-viscosity products 
may give rise to the same retardation time. A particular system may 
be adequately described by several equivalent models (Kuhn, 1947; 
Altrey, 1948). Thus, such models give no insight into the fundamental 
processes occuring at the molecular level. Alfrey and Gurnee (1956) 
suggested that the individual elements may be qualitatively identified 
with general processes at the molecular level in the following manner. 
The rigidity modulus Go is analogous to the instantaneous elasticity 
ot the polymer matrix and is associated with bond stretching. The 
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viscoelastic region (modelled by Voigt units connected in series), is 
aSSQciated with elongation and orientation of the polymer chains which 
involve the breaking and reforming of secondary bonds. The retardation 
time may then be regarded as the time required to break and reform 
secondary bonds or, alternatively, as the time required for polymer 
chains to attain their new equilibrium orientations. Since different 
types of secondary bond may be involved (or different equilibrium 
orientations), the processes involved do not Occur at the same rate 
and a spectrum of retardation times exists. Treatment of creep 
compliance data by mechanical analysis has the effect of grouping 
similar retardation times (rate-dependent processes) into average 
values. After sufficient time (when aJ I Voigt units have become fully 
extended) further deformation occurs by viscous flow, modelled by the 
residual dashpot. At the molecular level, this can be visualised as 
the slippage of polymer chains past each other. 
Mechanistic and thermodynamic theories, discussed in Chapter 3, 
provide complimentary interpretations of plasticizer activity and 
efficiency. But neither concept addresses the time-dependent nature 
of deformation in polymers. Previously (section 3.4.1) some analogies 
were drawn between the effect of plasticization and the effect of 
increased environmental temperature on the observed tensile properties 
ot a polymer. Similar considerations can be advanced to understand 
the influence of moisture sorption and plasticization 
time-dependent aspects of polymer deformation. 
4.4.2 Thermal Properties of Polymers - Dependence of 
Viscoelastic Behaviour on Temperature 
on 
Ferry (1961) suggested that a single polymer chain could be regarded 
as a flexible threadlike molecule occupying a finite volume, the shape 
and conformation being determined by the thermal energy of the 
molecule. In order to understand polymer relationships and their 
influence on mechanical properties it is necessary to consider: 
- gross long range polymer chain relationships, 
- more local relationships at a more detailed scale 
- monomer relations in the polymer backbone and bond 
orientation at a molecular level 
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Alfrey (1948) has referred to these spatial relationships as kinks, 
curls and convolutions as viewed over a progressively longer range. 
This concept, as it could be applied to one of the polymers (PVP) used 
in the present work, is illustrated in Figure 4.22. Rearrangements at 
the local level, i.e. within kinks, are rapid since they involve only 
local atomic translation and stretching or bending of covalent bonds. 
Longer range rearrangements are potentially much slower. 
Figure 4.22 Model Spatial Relationships for PVP 
nConvo 1 utionsft ftCurlsft 
Long Range 
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Amorphous polymers are characterised by a glass transition 
t~mperatur~. (T,), below which thermal motions essentially cease and 
long range convolutional readjustments are severely restricted (Ferry, 
1961) . The glass transition is defined as the point at which the 
thermal expansion coefficient ( 0:) undergoes a discontinuity. Above 
Te , 0: has the magnitude normally associated with a liquid, 1. e. 
6-10 x 10-' o c- I • A decrease in temperature is accompanied by a 
collapse in free volume, made possible by conformational adjustment. 
Eventually free volume is reduced such that further changes can occur 
only slowly or are even prohibited. Free volume then no longer 
decreases and further contraction in total volume is much less. The 
thermal expansion coefficient is then of the order 1 - 3 x 10- 0 °C-I. 
The interrelationship between free volume, occupied volume, and total 
specific volume over a range of temperatures is shown diagramatically 
in Figure 4.23. 
Figure 4.23 
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Free Volume 
At the molecular level. free volume can be vi~uAli~e~ "~l 
- - - u as 110 es" of 
the order of molecular (monomeric) dimensions or smal I voids 
associated with packing irregularity. A fall . 1n temperature is 
associated with a collapse in free volume. At 1 ower temperatures 
further temperature ~eductl'on . . t 
• 1S aSSOCla ed with solid-like volume 
contraction and free volume is small but almost constant. 
The appearence of a glass transition results from a reduction of 
molecular mobility as temperature falls. The concept therefore arises 
that chain mobility at any temperature depends primarily on the free 
volume remaining. Hence shear deformation can be expressed in terms 
of a free volume parameter rather than temperature. The retardation 
times which constitute the viscoelastic spectrum decrease rapidly with 
increased temperature (Ferry, 1961). This reflects the increase in 
free volume and resultant decrease in apparent viscosity of polymer 
chain mobility. 
4.4.3 Thermal Properties of Polymers - Correlation with 
Viscoelastic Properties of Plasticized Binders 
As noted previously (section 3.4.1), all the polymers used in the 
present work are amorphous to a greater or lesser degree and therefore 
exhibit glass transition points. The essentially rigid-glassy 
behaviour of the unplasticized polymers can therefore be interpreted 
in terms of grossly restricted free volume. In the case of Starch 
1500, modulus enhancement by pseudo-crystalline domains may also be 
significant since the restriction of polymeric motion associated with 
highly ordered crystalline regions is analogous to crosslinking or 
enLanglement coupling (Mark, 1965). In the absence of moisture or 
plasticizer mediated effects, shear deformations will be restricted 
mainly to bond stretching between adjacent monomeric subunits. 
Discrete mechanical analysis and continual spectral analysis showed, 
however, that the measured creep behaviour was not ideally elastic. 
PVP and HPMC films equilibrated at 0% RH exhibited retarded elasticity 
characteristic of an anelastic material. Under the same test 
conditions, Starch 1500 films also exhibited plastic flow. Since 
starches are highly crystalline, this may be due to non-recoverable 
deformation in the crystalline slip planes. 
Page 192 
The influence of sorbed moisture or inclusion of a plasticizer on the 
viscoelastic properties of hydrophilic polymers can be interpreted 
terms of free volume. In mechanistic terms, sorbed water' or 
plasticizer molecules act simply as diluents, increasing the physical 
separation of polymer chains. This is analogous to the influence of 
increased environmental temperature on free volume. For the polymers 
studied in the present work, there is substantial evidence to indicate 
that sorption of water markedly decreases the glass transition 
temperature and, by inference, increases polymer free volume (Tan and 
Challa (1976); Entwistle and Rowe (1978); Okhamafe and York (1984); 
Eith et al., (1986) ) . Published literature on the influence of 
potential plasticizers on thermomechanical properties of the polymers 
is less extensive. However, PEGs including PEG 200 have been shown to 
lower the glass transition temperature of HP MC (Entwistle and Rowe 
(1978); Abdul Razzak (1980)). Similar results have been observed for 
PEG-plasticized PVP films (Forrest, 1987) but analogous observations 
for starch-glycerol systems have not been reported. It seems 
reasonable to assume that a diluent molecule (glycerol) interposed 
between adjacent starch chains in the amorphous regions would increase 
the free volume although crystalline domains would be unaffected. 
As noted previously (section 4.4.2) retardation times which constitute 
the viscoelastic spectrum decrease rapidly with increased temperature. 
Since this is directly attributable to the increase in free volume a 
similar correlation would be expected for increasing moisture or 
plasticizer content. The experimental resul ts, however, showed 
deviations from this general rule. The continuous retardation showed 
that increased moisture and plasticizer content in some cases induced 
processes of longer retardation time than reported at lower levels. 
This apparent anomaly can be accounted for in two ways. Firstly, at 
low moisture or plasticizer content where free volume is severely 
restricted, it might not prove possible to discriminate between 
viscoelasticity of long retardation times and apparent Newtonian flow. 
Secondly, increasing moisture or plasticizer content may facilitate 
molecular translations (with characteristic retardation times) which 
were previously inhibited or "frozen" at the same temperature. 
At the glass transition temperature, mechanical properties of polymers 
change by many orders of magnitude as the physical state is 
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change by many orders of magnitude as the physical state is 
transformed from a viscoelastic solid to a viscous rubber or fluid 
state. In the present work this gross change in the magnitude of Go 
and ?o was only seen for PVP films containing 15% PEG 200 at 59.5% RH. 
This behavior was not observed for HPMC or Starch 1500 despite higher 
plasticizer loadings. The difference can be explained by the higher 
affinity of PVP for moisture and greater polymer-plasticizer 
compatibility. The decrease in the number of Voigt units required to 
model the behaviour of PVP films containing 10% or 15% PEG 200 at 
59.5% RH, compared with similar PEG loadings at the lower humidity, 
may be a mechanistic manifestation of the transition from a 
viscoelastic solid to a viscous fluid. In the transition from elastic 
glass to viscous plastic a polymer will inevitably pass through a 
maxima in the number of Voigt units required to model the intervening 
viscoelastiCity. 
4.5 Conclusions 
Plasticizer or moisture induced changes in the characteristic shape of 
tensile stress-strain curves noted in the previous chapter, implied 
qualitative changes in the viscoelastic nature of PVP, HPMC and Starch 
1500 tablet binders. By the use of creep rheological methods, a 
detailed and quantitative study of time-dependent deformation or these 
binders was possible. The results confirmed the empirical 
classifications of viscoelasticity derived from tensile stress-strain 
relationships. Time-dependent deformation in the sy~tems examined 
conformed to a linear viscoelastic model. Hence, it was possible to 
resolve the discrete components of viscoelastic deformation and, to 
quantify the influence of sorbed moisture and plasticizer upon them. 
The design and installation of the ICI micro-indenter enabled the 
determination at creep profiles for binder samples equilibrated at 0% 
RH. It was therefore possible to evaluate mechanical properties with 
the minimum interference from sorbed moisture. This was not possible 
for tensile properties investigated in the previous chapter. 
Unplasticized binders.equilibrated at 0% RH were predominantly elastic 
in nature, exhibiting large values for the instantaneous shear moduli. 
All three binders exhibited some degree of retarded elastic 
deformation, however. Starch 1500, in addition, showed evidence of 
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limited but finite plastic flow which was probably due to slippage in 
crystalline domains of the polymer matrix. The relative magnitude of 
the elastic, viscoelastic and plastic components of deformation 
indicated that all three binders could be classified as glassy-brittle 
materials. This was consistent with the anticipated properties of a 
polymer held at a temperature more than 100°C below that of its glass 
transition point. 
For unplasticized films equilibrated at 22.5% or 59.5% RH, comparison 
of elastic moduli derived from tensile tests (Chapter 3) and 
indentation tests showed some similarities. The rank order of the 
moduli was the same irrespective of the test method, indicating that 
PVP was the binder most resistant to deformation whilst Starch 1500 
was most readily deformed. Young's moduli obtained from tensile tests 
were considerably greater than rigidity moduli obtained from 
indentation tests. This observation indicated that the 
deformed more readily in shear than in tension. 
binders 
Increased moisture content or the incorporation of a plasticizer 
resulted in binders which were both softer and more easily deformed. 
The reduction in rigidity modulus (analogous to the reduction in 
Young's modulus in the previous chapter) resulted in greater 
instantaneous elastic strain per unit stress. A greater proportion of 
the overall induced strain was of a time-dependent nature, however. 
This comprised both retarded elasticity and non-recoverable (plastic) 
deformation. In all the polymers examined, an increase in either 
moisture content or plasticizer content was associated with a 
reduction in the apparent Newtonian viscosity of plastic deformation. 
This provided a direct and quantifiable evaluation of polymer 
plasticity. An increase in moisture content or plasticizer content 
also resulted in greater viscoelastic compliance. Changes in moisture 
and plasticizer content also resulted in changes in characteristic 
retardation times (or shifts in position of retardation maxima). This 
indicated that there were changes in the fundamental nature of 
mechanisms involved in retarded elastic strain, not simply changes in 
numbers of mechanisms of similar retardation times. 
The creep test enabled fundamental material properties such as 
elasticity, viscoelasticity and plasticity, to be discretely resolved 
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and quantified under controlled conditions. Thus, valid comparisons 
could be made between binder films of differing moisture content and 
plasticizer content. This demonstrated that, when evaluating the 
tabletting performance of a polymeric binder, the presence of moisture 
or a potential plasticizer must be considered. It is highly probable 
that the performance of the same binder may differ markedly if tested 
under conditions which give rise to different tensile or viscoelastic 
characteristics. By inclusion of a suitable plasticizer and/or 
moisture control, the potential exists to modify binder properties in 
a controllable manner. Where the binder is incorporated into a 
granulate by wet massing, modification of the binder mechanical 
properties may influence: 
- the properties of the tablets formed by compression 
- the way in which a granulate deforms in response to 
applied compressive stress 
Consequently, the influence of binder plasticity on the tablettability 
of some model substrates forms the subject of the following chapters. 
~ork reported addresses the influence of binder mechanical properties 
on the mechanical properties of tablets and also on the nature of 
deformation occuring during the compaction process. 
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CHAPTER FIVE 
GRANULATION AND TABLETTING STUDIES 
CHAPTER FIVE 
GRANULATION AND TABLETTING STUDIES 
5.1 Granulation 
Granulation is carried out as a component of many industrial processes 
to improve powder handling characteristics. In the production of 
pharmaceutical tablets, granulation is often used to improve the 
tabletting properties of drugs. Broad I y, granulation may be 
classified into "dry methods" such as precompression or slugging (e.g. 
Khan and Musikabhumma, 1981) and agglomerative phase of comminution 
(APOC) (Ho and Hersey, 1979), and "wet methods" such as pan 
granulation (e.g. Ahmed and Pilpel, 1967>. spray drying le.g. Seager, 
19(7) , fluidized bed granulation (e.g. Aulton and Banks, 1981) and 
massing and screening (e.g. Jaiyeoba and Spring, 19(9). 
Wet granuiation methods are by far the most common in the 
pharmaceutical industry and are carried out by massing the olenced 
powders with a liquid granulating agent. The granuiating agent alone 
may be sufficient to achieve aggregation of soluble drugs and 
excipients. But more often a binder (usually an adhesive polymer! is 
incorporated as a solution the granulating liquid. Where enhanced 
compressibility is the aim, the incorporation of a binder is the norm. 
Mechanisms of granulation and factors which influence the process and 
the product have been extensively reviewed IPilpel, 1969; Record. 
1980; Kristensen and Schaefer, 1987) and are considered briefly here. 
5.1.1 Theories of Aggregation and Bonding 
Mechanisms which can mediate particulate agglomeration either in the 
dry state or in the wet state have been reviewed by Rumpt (1958). 
They have classified as: molecular forces (i.e. valency bonding, Van 
der ~aal's forces, electrostatic attractinn and magnetic forces), 
frictional forces and mechanical interlocking, and liquid or solid 
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bridges formed between adjacent particles. Valency forces act only 
over molecular dimensions and hence do not contribute to bonding 
between macroscopic particles. Van der Waal's forces can act at 
displacements up to about 100nm (RumpI', 1962) and ai though weak in 
comparison with gravitational forces, may contribute to bonding in 
fin e pow ci er s ( <: 50 llm ) 0 r when compaction results in low 
interparticulate separation. Electrostatic forces may be important in 
the initial aggregation of very fine powders «211m) but Barlow (1968) 
considered that their contribution to final granule strength would 
minimal. 
interlocking of irregular particles may contribute to interparticulate 
bonding especially if close proximity is achieved, for example, during 
comFression. Elevated temperature due to friction at the pOints of 
contact ~~" 1I1c:..y racilitate molecular diffusion with the resultant 
:orma:ion of solid bridges. Under conditions of tablet compression 
the a~plie~ force is transmitted across point contacts of small area. 
~esultant pressures are correspondingly high and can result in 
frictional melting (asperity melting) with an increase in contact area 
and recrystallization bonding on cooling (Britten and Pilpel, 19(8). 
In wet granulation deposition of material (binder or solubl~ 
excipient) dissolved in the binding agent, on drying, forms solid 
bridges. 
The influence of liquids on bonding in a particulate system depends on 
the nature of the liquid, the amount of liquid, and its distribution. 
For freely mobile liquids Newitt and Conway-Jones (1958) described 
three distinct states of a powder bed according to the extent to which 
interpartlculate voids were filled with liquid. The states, termed 
pendular, funicular, and capillary, represent a progresive increase in 
liquid void filling with associated changes in capillary forces and 
strength of the aggregate. Barlow (1968) noted a fourth, droplet or 
state in which only surface tension holds the particles suspension, 
tugether. 
. tion is initiated by the formation of In wet granulatIon, aggrega 
liquid bridges between adjacent particles. A number of studies have 
shown that bridge development, and hence granule growth and 
are dependent on the base material, physical properties of properti es, 
Page 198 
the granulating solution, and also on processing variables. 
5.1.2 The Granulating Liguid 
The volume of granulating liquid has long been recognised as one of 
the most important variables in successful wet-massed granulation. 
Early research concentrated on variations in the granulating liquid 
volume and its influence on granule growth. More recent work has 
addressed the influence of physicochemical properties (surface 
tension, contact angle, and viscosity) of the granulating liquid on 
granulation. 
Detailed studies on the mechanisms of wet aggregation were first 
reported by Newitt and Conway-Jones (1958). By studying the pan 
granulat{on of sand using a systematic variation in the volume of 
granulation liquid, they found that formation of coherent granules 
occured only as the liquid saturation approached the capillary state. 
Kapur and Fuerstenau (1964) using a pulverised limestone also found 
that granules could only be formed over a narrow range of liquid 
contents. Capes and Dankwert (1965) studied the pan-granulation of a 
number of uniformly sized sands. Using water as the binding agent 
their conclusions were similar to those of Newitt and Conway-Jones, in 
that significant granule formation and growth only occured as the 
capillary state was approached. Where aqueous solutions of ethyl 
alcohol were used as the granulating agent, the lowered surface 
tension resulted in reduced capillary cohesion. Sands which had 
granulated satisfactorily with water no longer formed aggregates of 
sufficent strength for granulation to occur. 
Ganderton and Hunter l1971) attempted to relate granulation theory to 
pharmaceutical practice. They compared granules produced by pan 
, 
granulation with those formed by wet-massing and screening for a 
cohesive powder and a non-cohesive powder (calcium phosphate and 
lactose respectively). For massing and screening, as in pan 
granulation,. a minimum amount of liquid was required for aggregation 
and the formation of coherent granules. An increase in liquid above 
the minimum resulted in greater densification of lactose but had less 
on ca lcium phosphate where consoldation appeared to be effect 
dependent on the shear force imparted by the mixer. With both 
substrates, an increase in granulating liquid resulted in greater mass 
cohesion and the elimination of fines. 
Determination of optimum granulating liquid volume and duration of 
massing (granulation endpoint control) has attracted considerable 
attention. Techniques have been developed to enable measurement of 
wet-mass rheology directly via torque transducers (Rogerson et aI, 
19/t; Schildcrout. 1984, Lindberg, 1984) or indirectly via power 
consumption of the granulator (Luenberger et al. 1979; RitaJa et aI, 
1%6) . 
~uenberger et al., (1979) observed that mixer power consumption during 
granulation could be divided into five phases, each related to the 
amount of granuating liquid added. It was demonstrated that the 
stepwise change in power consumption could be satisfactorily 
~nterpreted on the basis of the development of cohesive liquid bridges 
between se 1 id p.=.rticles (Newitt and Conway-Jones, 1958). The 
uanu] a ti on mode I s of Luenber ger et a!.. (1979) and Luenber ger, (1982) 
indicate that granulating liquid requirement will be dependent on the 
porosity of the powder bed. The practical relevance of this was 
GeIDonstrated by the results of Duchene et al., (1982). For both a 
water soluble substrate and an insoluble sUDstrate, the quantity of 
granulating liquid necessary to achieve satisfactory massing was 
dependent on the degree of densification provided by the granulator 
USeD. Thus, the granulating fluid requirement using a high 
densification extruder was significantly lower than for a high speed 
mixer-granulator or a planetary mixer. Fluidized-bed granulation, 
providing the least mechanical densification, correspondingly required 
the greatest volume of granulating liquid for agglomeration to occur. 
Processing Factors 
The dependence of granule formation and properties on a series of 
interacting proce~sing factors was recognised by Ganderton and Hunter 
(197U. Subsequent work has demonstrated that granule growth rate, 
size, size distribution and porosity may be affected by: 
- mixer design (Hunter and Ganderton, 1973; Duchene et al., 
1982) 
duration of massing, (Ganderton and Hunter, 1971: Chalmers 
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and Elworthy, 1976; Holm et al., 1984) 
- sieve aperture sizes, (Osewa and Nasipuri, 1983) 
- binder solution factors and the nature and rate of 
solution addition <Holm t e al., 1983; Wells and Walker, 
1983; Jaegerskou et al., 1984; Ritala et al., 1986) 
5.1.4 Binders 
The process may be . fl d 1n uence by the nature of an included binder 
(Healey et al., 1972) and by solution factors such as Viscosity, 
surface tens1'on, subst t tt' ra e we 1ng and binder concentration. Wells 
and Walker (1983) demonstrated the importance of secondary binding 
effects. i.e dissolution of drug or excipient in the granulating 
solution w1'th subsequent redepos1't1'on on drY1'ng , in wet-massed 
granulation. UsiDg an aspirin-based formulation they showed that drug 
solubility in. and wetting by, the granulating solvent was more 
significant in the granulation process than was granulating solvent 
viscosity. They also concluded, however, that problems may oe 
encountered in the homogeneous distribution of very viscous binder 
solutions. A linear relationship was found between the binder 
solution surface tension and granule bulk density. 
Spring and Femi-Oyewo (1982) reported that the inclusion of 
surfactants in aqueous granulating soiutions of PVP resulted in a 
reduction in mean granule size. Wells and Walker (1983), however. 
noted that improved substrate wettability tended to increase granule 
5rowth. Ritala et al., (1986) investigated the influence of binder 
type and concentration on the growth of dicalcium phosphate aggregates 
granulated by wet-massing in a high shear mixe~. Increasing the 
concentration of binder solutions had only a minimal effect on granule 
growth. The binders Kollidon K9D (a PVP) and Protein S (a hydrolysed 
gelatin) promoted granule growth in contrast with 'Kollidon VA64 Ca 
vinyl pyrrolidone/vinyl actetate copolymer) or various grades of HPMC. 
Kollidon K90 and Protein S also produced granules of lower 
intragranular porosity than the other binders at equivalent binder 
solution volumes. The correspondingly higher liquid saturation of the 
wet mass was considered responsible for enhanced granule growth and 
increased work required to shear the wetted mass during granulation. 
5.2 The Effect of Binders on Physical Properties of Granules and 
Tablets 
In addition to their effects on mechanisms of granulation and the size 
distribution of granulates, binders may also influence the physical 
and mechanical properties of granules and tablets. 
5.2.1 Granule Properties 
The use of low pressure mercury intrusion techniques has enabled the 
study of intragranular porosity (Strickland et al., 1956). Fugiwara 
et al., (1966) showed that the mean intragranular pore size was 
decreased with increased levels of a binding agent and also with 
decreased initial particle size. Healey et al., (1972) noted that the 
surface tension of the binder solution also influenced granule 
porosity, In a subsequent paper (Healey et al., 1973) they showed 
that compact porosity was dependent only on compaction pressure and 
binder ~ype. The pressure applied during compaction eliminated effects 
due to intragranular porosity and granule strength, except at very low 
compaction pressures. Krycer et al .• (1982b) demonstrated that an 
increase in intragranular porosity resulted in an increase in bonding, 
by increasing interparticulate friction during compression. They 
suggested that the energy of compaction was utilised most effectively 
to yield strong tablets, if the granule contained a good binder and 
had a high intragranular porosity. Jaegerskou et al., (1984) observed 
that densification of water-soluble and water-insoluble substances, 
in a high-speed mixer, was controlled primarily by the amount of 
binder solution added and by the mixer impellor speed. 
A number of studies have shown that increased binder concentration 
increases granule crushing strength and decreases granule friability 
(Jarosz and Parrott, 1982; Cutt, 1983). This has been considered to 
be due to increases in the area of bonding and/or the number of bonds 
formed. Cutt (1983) also demonstrated the significance binder-
substrate adhesion in determining the mechanical properties of 
granules. Reading and Spring (1984b) found, however, that there was 
no correlation between the bond strength of binders (determined using 
a glass butt joint test) and the strength of sand granules prepared 
with the binders. The mechanical properties of granules have also been 
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shown to vary with t' ne nature of the binder used (Shotton and Edwards, 
1974; Doe I ker and Shot ton, 19~{-( " C tt 198?) Th . u, v. ere 15, however, no 
universal relationship between granule strength and the strength of 
tablets tormed bv the 
J compression of those granules. Thus, Doelker 
and Shotton (1877) found that for paracetamol the softest granules 
yielded the strongest compacts 
. , whereas the reverse relationship was 
true for dicalcium phosphate. 
5.2.2 lcblet Properties 
The method of granuiation affects densification and binder 
cistribution which, in turn, influence the physico-mechanical 
properties of compressed tablets. These properties are important 
since they determine the ability of the tablet to withstand abrasion 
and imD3ct shock and remain as a coherent unit dose throughout 
s~bsEquEnt handling operations. 
S.L.L.l Tablet Strength 
A number of methods have been used to assess the mechanical strength 
of tablets. Krycer et al. (1862a) have suggested that a useful means 
of evaluating energy utilisation in the production of strong tablets 
is to plot tablet strength against the work exerted on the lower punch 
on first compaction (LPW1). The mechanical strength of tablets has 
vcriously been described by crushing strength, hardness (Aulton. 1877) 
tensile strength (Newton and Fell, 19(1) and work-of-failure (Rees and 
Rue, 19(8). 
5.2.2.2 Granulation Method 
Rue et al. (1980) showed that tablets produced by spray-dried 
granulation of paracetamol were stronger than those produced from 
wet-massed granules or roller compacted granules. This was explained 
by preferential concentration of binder at the surface of spray dried 
granules (Figure 5.1) compared with other methods of granule 
production. Increasing binder concentration had little effect on 
tablet strength until compaction pressure was raised to the point were 
capping occured. Similar results were obtained by Ragnarson and 
Sjorgren (1982). 
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F1guX'e 5.1 Influence of Granulation Method on Binder Distribution 
and lntergranular Bonding (after Rue et al., 1980) 
Granule 
Precompressed 
\.Jet-massed 
Spray Dried 
• 
• • 
Bonds Form Between 
Drug - Drug 
Drug - Drug 
Drug - Binder 
Binder - Binder 
Binder - Binder 
Tablets at a high dose drug prepared from granules produced by 
fluidized-bed granulation were stronger than those produced from 
conventional wet-massed granules. For other materials, increasing 
binder concentration has been associated with an increase in the 
sLrength of resultant tablets (Esezobo and Ambujan, 1982; Jarosz and 
Parrott, 1982; Cutt, 1983). 
5.2.2.3 Binder Type 
Many studies have examined the influence of binder type on the 
strength of tablets (for example, Kurrup and Pilpel, 1978; Chowan 
and Chow, 1981a; Reading, 1983; Cutt 1983). Alderborn and Nystrom 
(1984) examined the effect of a gelatin binder on the radial and axial 
tensiie strengths of paracetamol tablets. They observed that 
increasing the binder level from 2% to 4% had little effect on the 
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radial strangth, but greatly increased the axial strength. This was 
assOciated with a c'ecreac::e' th 't' 
_ In e capplng enaency of the formulation. 
They concluded that low values of the isotropy ratio (the ratio of 
axial strength to radial strength) were indicative of incipient 
capping. -t.se b 
zo 0 and Pilpel (1974a) and Chowan and Chow (1981b) noted 
that the strength or' compacts was also dependent on the granule 
moisture t 
con ent before compression. The latter workers found that, 
although the crushing strength of compacts was dependent on binder 
type at low . t mOlS ure contents, differences were less significant at 
higher moisture contents. 
inconsistencies between studies can, to a large extent, be expiained 
by differences in experimental protocols. The degree of variability is 
not surprising, however, since tablet strength may be dependent on 
adhesion andior cohesion between drug, excipient and binder. The rank 
adhesion for a series or binders will inevitably vary depending on the 
nature of the substrate and the extent of adhesive-substrate 
compatibility (Iyengar and Erickson, 1967; Barton, 1962). 
5.2.2.4 Tablet Friabilitv and Work of Failure 
In many cases the absolute crushing strength of a formulated tablet 
will be of secondary consideration to its ability to withstand impact 
attrition or friabrasion. Tablet friability ultimately determines the 
bulk handling properties of tablet formulation. The appearence of 
loose powder or tablet debris implies a physically fragile tablet and, 
where the tablet is a dispensed product, may contribute to problems in 
patient compliance. 
Although several techniques have been developed for assessing 
friability, the Roche Friabilator has generally been accepted as the 
industry standard. The value of the apparatus lies in the fact that 
it provides a numerical measurement (a percentage loss of tablet 
weight) indicating the resistance of compressed tablets to abrasion 
and repeated impact shock. The extent of use of friability testing 
has been reviewed by Wollish and Mlodozeniec (1982). They emphasised 
that no general relationship could be determined between tablet 
friability and tablet crushing strength and that the crushing strength 
of a tablet was in no way a reliable indicator of its ability to 
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withstand abrasion. 
Rue (1980) has proposed that compliance with a toughness test would 
ensure resistance t o failure for all formulations under given 
conditions of stress. Toughness or work of failure is determined from 
the integrated area of the force-displacement curve during diametral 
compression testing and has the units of energy expended. Studies on 
some direct compression excipient (Rees and Rue, 1978) showed that 
materials 
such as Emcompress which consolidate by brittle failure 
formed tablets of low toughness. Conversely, plastically deforming 
materials such as Elcema produced tablets ot a high toughness. A rank 
order correlation between resistance to impact attrition and 
toughness was found for tablets of equal tensile strength. Rees et 
al. (1977) showed a good linear correlation between toughness and 
impact resistance for a wide range of tablet formulations, suggesting 
that toughness was a more reliable indication of a tablets resistance 
to damage Lhan tensile strength alone. 
Rue et al., (1980) carried out toughness tests on paracetamol tablets 
compressed from granules prepared by roller compaction, spray drying, 
and by weL-massing. The toughness and fracture deformation of tablets 
compressed from spray dried granules were greater than those of the 
wet-massed tablets which in turn, were greater than those of the 
roller compacted tablets. The results suggested that the differences 
in tablet properties were due to the different distribution of binder 
in the granules which altered the plastic deformation of the different 
granules during compact ion. Stress relaxation studies substantiated 
this. Later studies have shown that binder film formation \Krycer et 
al., 1983) and binder plasticity (Wells et al., 1982) are major 
factors in determining the resistance of a compact to impact 
attrition. 
5.3 Materials and Methods 
It is clear from the preceeding section that at present there exists 
no definitive model for the prediction of optimum granule properties 
in relation to the production of coherent tablets. Satisfactory 
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granular morphology alone is no guarantee of good tablettability. 
Perhaps the best general definition of a "good granulate" is one which 
processes satisfactorily to produce acceptable tablets. Implicit in 
such a definition are the requirements for homogeneity, flowability, 
stability, compressibilty and the required drug release profile. 
Consequently, in the present chapter, the granulation process has not 
been investigated ~ ~ but has been regarded as the means by which 
binders of varying degrees of plasticity may be incorporated into 
free-flowing aggregates of a substrate material. Regard has been 
paid, however, to the observations of previous workers with a view to 
minimiSing extraneous variables and establishing a rigidly 
standardised and reproducable granulation method. 
5.3.1 Materials 
Since the objective was to examine the influence of binder plasticity 
on compressibilty and the resultant mechanical properties of tablets 
it was necessary to chose model substrates which would emphasise 
binder-mediated effects. Previous workers have utilised sand 
(Reading, 1983) or glass ballotini (Cutt, 1983) as model substrates of 
low intrinsic plasticity and virtual aqueous insolubility. These 
materials are. however. untypical of drug substances or tabletting 
excipients. For the present work it was decided to select substrates 
of pharmaceutical significance which would be representative at 
materials refractory with regard to tablettability. The inclusion of 
a binder with the view to modifying tablettability in such cases 
typifies a common formulation situation. 
5.3.1.1 Model Substrates 
The substrates selected were: 
paracetamol (fine powder. Hoechst) 
di~alcium phosphate (anhydrous, Albright and Wilson) 
These materials were selected to exhibit deiormation behaviour under 
compression consistent with tablettability problems. Thus, dicalcium 
phosphate is known to- deform by brittle fragmentation; resultant 
compacts, although resistant to crushing, may however be susceptable 
. Paracetamol also consolidates by +0 impact attrition or friabraslon. 
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fragmentation although 
ParaCetamol undergoes 
there is 
considerable 
evidence 
elastic 
for some plastic flow. 
strain compared with 
dicalcium phosphate and the elastic strain recovery 
decompression has been associated with the manifestation 
compression problems especially lamination and capping. 
of 
during 
many 
Several factors make these materials particularly suitable model 
compounds: 
- they are well characterised materials of wide 
pharmaceutical usage 
- plastic flow is not a major contribution to their 
deformation 
- they have low intrinsic aqueous solubility minimising 
the influence of secondary binding on granule formation 
and strength 
- their equilibrium moisture uptakes are low and change 
little over a wide range of relative humidities, 
consequently, storage humidity can, therefore, be used to 
control moisture content of incorporated binders with 
minimal substrate effects 
There exists the disadvantage that both substrates exhibit a small but 
finite aqueous solubility. Dissolution of substrate in the granulating 
liquid and recrystallization in the binder film on drying will alter 
binder properties. Such effects tend to decrease the plasticity of 
polymeric binders (Reading and Spring, 1984b) and thus may serve to 
emphasise potential benefits of binder plasticization. 
Substrates were used as received from the suppliers. Moisture 
contents before use as determined by infra-red drying were 0.21% and 
<0.1% for paracetamol and dicalcium phosphate respectively. The 
equilibrium moisture contents for the substrates used (determined over 
a range of relative humidities by the methods of Callaghan et al., 
1982) are shown in Fig. 5.2. 
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figure 5.2 
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5.3.1.2 Binders and Plasticizers 
• 
• 
The polymeric binders used were PVP, HPMC and Starch 1500 as 
described previously in Chapter 2. Sucrose was also used as a binder 
in this study as an example of a non-film former, binding by means of 
crystalline bridges. Being a low molecular weight crystalline monomer, 
sucrose is not amenable to plasticization. Unlike the polymers, 
sucrose would not be expected to exhibit significant viscoelastic 
deformation but has been characterised as a hard material of high 
elastic modulus (Aulton et al., 1974; 1976). 
The performance of the polymeric binders was also evaluated after the 
inclusion of a plasticizer. Plasticizers and plasticization levels 
were those used in Chapters 3 and 4. PEG 200 was employed as the 
plasticizer for PVP and HPMC at levels of 0-15% w/w and 0-30 % w/w 
respectively. Starch 1500 was plasticized using glycerol at levels of 
0-30% w/w. 
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5.3.2 Methods 
5.3.2.1 Granulation Method 
Granules were prepared by wet granulation using a novel massing 
technique. Laboratory and pilot scale granulations have tended to be 
performed using planetary or waltzing-gate type mixers such as the 
Kenwood Chef" foodmixer. But factory scale granulations are more and 
more frequently performed in high speed, high shear, mixer-granulators 
such as the Diosna, Fielder or Lbdige-t ype equipment. The high 
shear of the latter apparatus can , to a great extent, overcome 
problems of localised overwetting and poor distribution of viscous 
binder solutions. In the present work a food processor (Kenwood 
Gourmet", model A535 , Thorn EMl, Havant , Hants, U. Kl was utilised in 
an attempt to simulate high shear granulation conditions. The basic 
unit shown in Fig. 5. 3 consists of a perspex mixing bowl with a power 
unit driving a central clockwise rotating spindle. Mixing and 
shearing were achieved using a modified mixing paddle with four blades 
set at 90 degrees and mounted on the spindle. Paddie rotation was 
variable between 500rpm and 1500rpm. This was confirmed using a 
re volution counter. An i n terlocked perspex lid with integral port for 
l iquid addition sealed the mi xer vessel during processing. 
Fi gure 5. 3 Kenwood Gourmet" Model A535 Food Processor 
'rwmg GQURMEl 
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The basic formula for the granulations is given in Table 5.1. A 
standard charge size of 250g was adequate for paracetamol formulations 
although a charge size of 350g was necessary for the denser dicalcium 
phosphate. Binders were incorporated at a fixed level of 2.5% by 
weight with respect to the substrate, using 62.5g of a 10% w/w aqueous 
binder solution for paracetamol or 73g of a 12% w/w aqueous binder 
solution for dicalcium phosphate. The difference in binder 
concentrations was necessitated by the granulating liquid volume 
requirements of the two substrates. This was determined by initial 
granulation studies using wate~ alone as the granulating agent. 
Table 5.1 Basic Granule Formula 
Substrate 250g paracetamol 
350g dicalcium phosphate 
Binder 2.5% by weight with respect to substrate 
Plasticizer o - 30% w/w in the plasticized binder film. 
The plasticizers, where incorporated, were added to the granulating 
solution to give levels of 0-30% w/w (PEG 200 in HPMC and glycerol in 
Starch 1500) or 0-15% w/w (PEG 200 in PVP) in the final polymer-
plasticizer film matrix. As a control, granulations were also carried 
out using an aqueous solution of PEG 200 to give a rinal PEG 
concentration of 1.03% w/w in the dry granule. This was equivalent to 
the maximum plasticizer loading used in the stUdies. i.e. 30% w/w in 
the plasticized binder film. This was done to investigate poten{ial 
effects due to the liquid plasticizer in the absence of binder. 
Granuiating solutions were added in eight equal aliquots over a period 
of eight minutes with the mixer rotor running at 1000rpm. At two 
minute intervals mixing was stopped and any adherent wet mass scraped 
from the mixer sides back into the bulk mass. Massing was continued 
for a further two minutes after the final addition of granulating 
solution. In common with industrial scale high-speed mixer-
granulators, discrete granules were formed during the wet-massing 
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phase. Wet-screening via a 2mm aperture sieve using an Erweka 
oscillating sieve was necessary only to break up large loose 
agglomerates and did not contribute specifically to granule formation. 
Damp granules were thinly spread onto paper-lined trays and dried 
under forced convection at ambient temperature to a moisture content 
of about 0.5% w/w (as determined by infra-red drying using a Mettler 
moisture balance). Dried granules were rescreened via a 1.4mm 
aperture sieve and stored in airtight containers until required. 
5.3.2.2 Granule Size Distribution 
Granule distributions were determined by sieve analysis. About 
50g of the granules was placed on a nest of 200mm brass test sieves 
(Endecott, London,UK) with sieve apertures decreasing from 1200 pm to 
125 pm. Fractionation was performed on a sieve shaker (Fritsch 
Analysette, Pascal Engineering, Crawley, UK) for five minutes. The 
du~ation and amplitude (setting 4) was determined experimentally to be 
sufticient for the fractionation of granules containing binder without 
excessive damage to the granules. Granules formed by wet-massing. in 
the absence of any binder, showed evidence of attrition and 
friabrasion even at shorter durations. 
The granular fraction retained on each sieve was weighed and the 
results expressed as percentage weight retained. Determinations were 
performed in duplicate for each batch of granules and the mean used 
to calculate the cumulative percentage oversize. Size distributions 
were represented by plots of the cumulative percentage oversize probit 
against the log of the sieve aperture. Geometric average granule sizes 
were obtained graphically from the 50% cumulative weight oversize. 
5.3.2.3 Granule Bulk Densities 
The initial poured bulk density and the limiting tapped bulk densities 
of the granulates was determined using a graduated tapped-
densitometer. An accurately weighed mass of granule (about 40g for 
paracetamol granulates or 90g for dicalcium phosphate granulates) was 
carefully transferred via a funnel to the volumetric cylinder of the 
desitometer. The volume of the initial loosly packed bed was recorded 
and the bulk density determined thus: 
Page 212 
Poured bulk density 
(gcm- 1 ) 
= mass of sample (5.2) 
poured bulk volume 
The volumetric cylinder was then positioned within a guideway over a 
rotating cam which progressively lifted the cylinder then allowed it 
to fall suddenly through a height of 25mm. The cam rotation speed was 
adjusted to give repeated taps at a frequency of one every two 
seconds. The test granulated was thus subjected to a periodic tamping 
which was continued until no further decrease in bed height was 
observed (usually after 500 to 600 taps). The limiting tapped bulk 
volume was then recorded and the limiting tapped bulk density 
calculated: 
Limiting tapped bulk density = mass at sample (5.3) 
Limiting tapped bulk volume 
The limiting consolidation achieved was expressed as percentage in a 
manner analogous to Carr's compressibility index (Carr, 1965). 
5.3.2.4 Tabletting 
Tablets were prepared using the 250 - 1000~m sieve traction. This 
range was selected to remove ungranulated fines and oversized granules 
which could lead to poor dietil! uniformity. Granules were lubricated 
by blending with 0.5% w/w magnesium stearate in a Turbula mixer IGlen 
Creston, Stanmore, Middlesex, UK) for five minutes. Blends were 
conditioned at either 22.5% RH or 59.5% RH at 20°C prior to 
compression. Compression was carried out on a single punch 
reciprocating 
Liverpool, UK). 
tablet press (Manesty F2, Manesty Machines, Speke, 
A piezoelectric load washer titted in the upper punch 
holder, with output to an storage oscilloscope, enabled the monitoring 
of upper punch force. 
nominal weight of 250mg using Bmm Tablats were compressed with a 
diameter flat-faced tooling at 
minute. 
applied. 
humidity 
Compact ion pressures 
Compressed tablets 
as the parent granulate 
of 
a compaction rate ot 42 tablets per 
150MPa, 250MPa and 350MPa were 
were stored at the same relative 
for two weeks before testing to 
largely eliminate time-dependent stress/strain recovery effects. 
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5.3.2.5 
Crushing strength 
samples using a 
Not ti ngham, UK) 
diametral tension. 
Determination of Tablet Physical Properties 
of the tablets was determined from the mean of ten 
Schleuniger-2E ~hardness" (sic) tester (Copley, 
with the plattens padded to assist failure in 
Tensile strengths (TS), for those tablets observed 
to fail in tension, were calculated from the crushing strengths using 
the relationship of Newton and Fell (1970): 
TS (MPa) = 2P 
ndt 
(5.4) 
where P was the crushing strength (N), d was the diameter (mm) and t 
was the thickness (mm) of the test tablet. 
Friability was assessed using a 
PTF-Ri. Ten tablets, initially 
Roche Friabilator (Pharma Test, 
dedusted, were weighed and the 
percentage weighL loss determined after friabrasion for 12 minutes at 
a rotation speed of 25 rpm. Silica gel discs were mounted in the 
friabilator drum, to prevent weight gain due to moisture sorption 
during testing for those tablets compressed and stored at 22.5% RH. 
5.3.2.6 Tablet Toughness 
Apparent tablet toughness was determined by numerical integration of 
the force-displacement curve obtained during a diametral compression 
test. Testing was carried out using a CT-40 compression tester 
(Enginering Systems, Nottingham, UK) operating at a compression rate 
of 2mm min-I. The compression load cell output was input to the Y-axis 
of a flatbed chart recorder (Bryan Southerns, UK) running at a chart 
speed of 5mm S-I. For tablets observed to fai I in diametral tension, 
the applied force increased linearly with displacement up to the point 
of fai lure. 
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5.4 Results and Discussion 
5.4.1 Granule Properties 
5.4.1.1 Reproducability of the Granulation Method 
Reproducability of the wet-massing procedure was studied by preparing 
four replicate batches of the two substrates using unplasticized HPMC 
as the binding agent. Granular morphology, characterised by the size 
distribution and bulk densities, was determined for each batch of 
granules. The results, shown in Table 5.2 indicate that satisfactory 
reproducability was obtained using the granulation method based on the 
Kenwood Gourmet food processor. Single granulation batches were 
prepared and used for al I subsequent granulation and tabletting 
studies. 
Taoie Reproducabilitv of the Granulation Method for HPMC 
Granulations. (4 replicates) 
Sieve Aperture Mean % Oversize 
~m by weight (%rsd) 
Paracetamol Dicalcium Phosphate 
1200 7.6 (8.7) 7.4 (10.6) 
1000 11.3 (7.5) 9.3 (9.6) 
710 25.6 (4.7) 22.6 (2.0) 
500 28.6 (5.2) 30.4 (6.4) 
350 17.6 (10.4) 20.1 (5.0) 
250 6.9 (6.7) 7.7 (3.2) 
125 1.8 (35.7) 2.1 (19.9) 
<125 0.5 (50.2) 0.4 (70.0) 
Geometric mean 660.9 (6.0) 630.9 (8.9) 
granule diameter ( )lm) 
Poured bulk density 0.436 (1. 6) 0.862 (1. 0) 
( g cm- 3 ) 
Limi ti ng tapped 0.509 (1. 5) 1. 016 (0.6) 
bulk dens ity ( g cm- 3 ) 
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5.4.1.2 Granulation with Water Alone 
It was possible to granulate both paracetamol and dicalcium phosphate 
with water alone and in both cases some granular integrity was 
retained after drying and screening. In the case of paracetamol 62.5g 
ot water was required to satisfactorily mass a 250g charge size; with 
dicalcium phosphate 73g of water was needed to mass a 350g charge. 
The difference in water requirement is a conseque,nce both of the 
charge mass and the extent of packing during the granulation process. 
The resultant granules were weak. Consequently, considerable 
triabrasion was evident during screening after drying and during sieve 
analysis. This loss of granule integrity illustrated the limited 
extent of secondary-binding in granules of paracetamol and dicalcium 
phosphate prepared by aqueous wet-massing. 
5.4.1.3 The Effect of Binding Agents on Granule Properties 
Particle size distributions for the granulations, shown in Figs. 5.4 
and 5.5 for paracetamol 
dependent on binder type. 
and dicalcium phosphate respectively, were 
The higher proportion of fines recorded for 
simple aqueous-massed dicalcium phosphate when compared with aqueous-
massed paracetamol reflects the higher aqueous solubility of 
paracetamol with a resultant increase in granule integrity as a result 
of solid bridging. 
incorporation of a binding agent resulted in a much greater proportion 
of larger granules and a reduction in fines. Plots of cumulative 
percent oversize (by weight) probit against log sieve aperture (Figs. 
5.4 and 5.5) were approximately linear with polymeric binders, but 
not with water or sucrose due to the tendency to mechanical failure in 
the latter cases. Slopes of the plots were steeper for the polymeric 
binders than for water or sucrose indicating narrower granule size 
distributions in the former case. Differences in the slopes between 
polymeric binders were not significant either for paracetamol or for 
dicalcium phosphate. 
The influence of binder type on mean granule size is given in Table 
5.3. Massing with water alone produced the smallest mean granule size 
both with paracetamol and with dicalcium phosphate. 
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Figure 5.4 Influence of Binder Type on Size Distribution of 
Paracetamol Granules 
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Figure 5.5 Influence of Binder Type on Size Distribution of 
Dicalcium Phosphate Granules 
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Table 5.3 The Influence of Binder Type on Mean Granule Size 
Binder 
Water 
+ 1.03% PEG 200 
Sucrose 
HPMC 
+ 30% PEG 200 
PVP 
+ 15% PEG 200 
Starch 1500 
+ 30% Glycerol 
Geometric Mean Granule Diameter 
By Weight (50% probit) ~m 
Paracetamol Dicalcium Phosphate 
530.8 223.8 
540.2 218.7 
616.5 455.8 
660.9 630.9 
670.5 641. 0 
724.4 783.6 
735.3 770.0 
741. 3 766.8 
724.4 755.5 
Granulations prepared by massing with sucrose were significantly 
larger but still had a high proportion of fines. Of the granulation 
prepared with the po I ymeric binders, those containing HPMC 
consistently had a smaller mean diameter than those prepared with PVP 
or Starch 1500. The proportion of fines, which was very low, was 
similar for all three polymeric binders. PVP-massed granulations 
exhibited a higher proportion of large granules than the other 
binders. 
The incorporation of a plasticizer (PEG 200 for HPMC or PVP and 
glycerol for Starch 1500) in the granulating solutions produced no 
significant change in the size distribution. Mean granule diameters 
given in Table 5.3 for granulates containing the maximum level of 
plasticizers illustrate the lack of influence of plasticizer. 
Likewise, the incorpororation of PEG 200 in the absence of binder had 
no effect on the mean granule size compared with granules prepared by 
massing with water alone. Whilst PEG 200 could act as a cosolvent for 
paracetamol, and increase the probability of secondary binding, the 
magnitude of the effect was insignificant in this case. 
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5.4.1.4 Granule Morphology 
Figures 5.6a-d illustrate the morphology of paracetamol and dicalcium 
phosphate granules manufactured by wet-massing. Photomicrographs were 
ta ken of granules from the > 500~m < 750~m sieve fraction for granules 
prepared by massing with water alone (Figs. 5.6a and c) or with HPMC 
as binder (Figs. 5.6b and d). The presence o f friabraded fines is 
evident for paracetamol granules prepared by massing with water alone 
(Fig. 5.6a ) . Incorporation of a binder resulted in the virtual 
elimination of fines as shown by the photomicrograph (Fig. 5.6b) and 
confirmed by the granule size distributions. 
Figure 5. 6 Granular Morphology >500um <750um Sieve Fract ion 
B. Paracetamol Granules 
(binder: water) 
c. Dica lci um PhosphatE Granules 
(binder: water) 
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b. Paracetamol Granules 
(binder: HPMC) 
d. Dicalcium Phosphate Granules 
(binder: HPMC) 
Granule morphology, i.e. shape, SIZB distribution and rugosity, may 
influence granule handling properties such as packing and flowability. 
Bulk densities, loose packed and limiting tapped, and the percentage 
compressibility for the granulates are given in Table 5.4. The 
presence of plasticizer in the binder had no significant influence on 
granuie bulk properties as can be seen by comparing results for 
granules prepared with plasticized binder and unplasticized binder. 
The influence of granulation on bulk properties was, however, 
dependent on the substrate and on the nature of the binder used. 
Table 5.4 Bulk Densities and For Test Granulates 
Paracetamol Dicalcium phoshate 
Granulate/ Poured Tapped Consolidation Poured Tapped Consolidation 
Einder bulk 
Water 
+ 1.03% 
PEG 200 
Sucrose 
PVP 
+ 15% 
PEG 200 
HPMC 
+ 30% 
PEG 200 
Starch 1500 
+ 30% 
glycerol 
density 
gcm-· 
0.406 
0.408 
0.407 
0.448 
0.445 
0.436 
0.431 
0.440 
0.438 
bulk % bUlk bul k % 
density 
gcm-~ 
0.600 
0.605 
0.557 
0.529 
0.535 
0.509 
0.506 
0.508 
0.505 
32.33 
32.56 
26.93 
15.31 
16.82 
14.34 
14.82 
13.38 
13.26 
density density 
gcm-· gcm-~ 
1.301 1.705 23.69 
1.295 ·1.700 23.82 
1.022 1.358 24.74 
0.905 1. 076 15.94 
0.895 1.060 15.56 
0.862 1. 016 15.15 
0.854 1. 015 15.86 
0.849 1. 010 15.94 
0.845 1.008 16.17 
Paracetamol granulates prepared with water or with sucrose as binder 
had a lower poured bulk density than those prepared with any of the 
polymeric binders. Limiting tapped bulk densities were, however, 
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considerably higher. In contrast dicalcium phosphate granulated with 
water or with sucrose as binder had a higher poured bulk density and a 
much higher limiting tapped bulk density than granulates prepared with 
the polymeric binders. The large values for the percentage 
consolidation recorded in Table 5.4 indicated that granulates of 
dicalcium phosphate and paracetamol massed with water or with sucrose 
as binder were cohesive with consequential poor flowability. This can 
be attributed to the high proportion of fines present. 
Both the poured bulk and the tapped bulk densities of granules 
prepared with PVP were higher than for granules prepared with HPMC or 
Starch 1500. This trend was evident both for paracetamol and 
dicalcium phosphate. Percentage consolidation for all granules 
prepared using the polymeric binders were significantly lower than 
those for water or sucrose. Flowability of these granules would, 
therefore. be considerably better than for granules prepared without a 
binder or with sucrose as the binder. 
5.4.1.5 Granule Moisture Content 
Table 5.5 shows the equilibrium moisture contents for the test 
granulates conditioned at 22.5% RH and 59.5% RH. Moisture contents 
were determined by drying to constant weight in a vacuum oven at 30°C 
over phosphorus pentoxide. The relatively low drying temperature was 
selected to minimise potential loss of any plasticizer present. The 
volatility of both PEG 200 and glycerol is, however, low. 
The results were calculated from five replicate granule samples of 
about 2g mass, accurately weighed. The moisture contents of the 
simple aqueous-massed granules was low reflecting the low equilibrium 
moisture uptake of the base substrates. Where a binder was included, 
the equilibrium moisture content of the granules clearly reflected the 
relative moisture affinity of the binder used. The rank order for 
granule moisture content thus followed the rank order for binder 
moisture content shown in the equilibrium moisture 
for binder alone shown earlier in Fig. 3.4. 
content profiles 
The influence of 
plasticizer inclusion on the equilibrium moisture content was less 
evident, probably because the highest plasticizer level used only 
contributed 1.03% of the total granule mass. 
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Table c c EguilibY'ium rioisture Contents of Test Granulates ,-'I ..J 
Equilibrium Moisture content (%) 
Binder I Plasticizer Paracetamol Dicalcium Phosphate 
System 
22.5% RH 59.5% RH 22.5% RH 59.5% RH 
Water 0.10 0.25 < 0.10 0.15 
+ 1% PEG 200 0.18 0.33 0.15 0.27 
Sucrose 0.10 0.29 0.13 0.19 
PVP 
+ 0% PEG :00 0.34 0.92 0.30 0.83 
+ S% PEG 200 0.32 0.93 0.28 0.79 
+ 10% PEG 200 0.29 0.90 0.31 0.82 
+ 15% PEG 200 0.38 0.99 0.33 0.87 
HPMC 
+ 0% PEG 200 0.16 0.46 0.15 0.37 
+ 10% PEG 200 0.18 0.39 0.15 0.30 
+ 20% PEG 200 0.15 0.45 0.12 0.35 
+ 30% PEG 200 0.18 0.49 0.20 0.44 
Starch 1500 
+ 0% Glycerol 0.26 0.62 0.24 0.52 
+ 10% Glycerol 0.25 0.59 0.20 0.52 
+ 20% Glycerol 0.31 0.67 0.29 0.67 
+ 30% Glycerol 0.39 0.91 0.41 0.82 
Generally it appeared that the inclusion of plasticizer produced 
little change in the granule moisture content. The plasticizers used, 
i.e. PEG 200 and glycerol, are themselves relatively hygroscopic and 
might be expected to increase moisture sorption into the granulate. 
However, the potential for interaction between plasticizer and polymer 
may lead to mutual masking of potential binding sites for water. 
Okhamafe and York (1984) demonstrated a decreased moisture affinity 
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for HPMC with increasing content of PEG 400 up to a level of 15% of 
PEG. Above 15%, PEG 400 inclusion resulted in an increase in moisture 
uptake. Whilst the inclusion of PEG 200 in HPMC and PVP granulates 
showed no significant trends, incorporation of glycerol in Starch 1500 
granulates indicated a small consistent shift to higher moisture 
contents. This trend may reflect the limited compatibility of Starch 
1500 and glycerol such that free glycerol existing within the binder 
film is available to bind moisture within the film. Glycerol has been 
described as a "humectant plasticizer" for starch films (Davidson, 
1983). 
5.4.2 Tablet Properties 
Properties of the tablets produced by compression of the test 
granulates are given in Tables 5.6 to 5.9. Results are presented as 
friability (percentage weight loss) and as diametral tensile strength 
(MPa). Where any tablets failed completely, i.e. capped or laminated 
during the friability test, friability was recorded as 100%. Tablets 
capping or laminating on ejection from the die were recorded as 
laminators and were not subjected to the diametral crushing test. 
Standard deviations for tensile strength (mean of ten determinations) 
were in the range 0.10 to 0.15 MPa giving coefficients of variation as 
high as 20% for the weakest tablets and as low'as 5% for the strongest 
tablets. Generally coefficients of variation were around 10%. Weight 
uniformity for tablets formed from granules containing the polymeric 
binders was excellent (coefficients of variation were all less than 
3%) reflecting the flowability of these granules. Variability was 
greater for water and sucrose massed granulates but still fell within 
the British Pharmacopoeia limits for weight uniformity. 
Examination of the results indicated that the behaviour observed was 
dependent on the nature of the substrate, the nature of the binder, 
the moisture content of the granulate, and the level of plasticizer. A 
number of consistent trends were identified, and these are discussed 
in the following sections. 
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Table 5.6 Effect of Conditioning Humidity and Plasticization on 
Tablet Properties (water and sucrose binder) 
Compaction Pressure CMPa) 
Binder + Plasticizer 
Paracetamol 
IJater 
22.5% RH 
59.5% RH 
Water + 1% PEG 200 
22.5% RH 
Sucrose 
22.5% RH 
59.5% RH 
Dicalcium phosphate 
IJater 
22.5% RH 
59.5% RH 
Water + 1% PEG 200 
22.5% RH 
Sucrose 
22.5% RH 
59.5% RH 
Notes: 
150 250 
%F TS %F is 
Lami na ti on 
Lamination 
Lamination 
Lamination 
Lami na ti on Lamination 
Lamination Lamination 
5.38 
100 
100 
100 
100 
100 
1. 29 Lamination 
0.44 7.14 1.19 
0.78 6.76 1.29 
0.51 6.21 1.21 
0.46 100 
0.72 100 
%F = Friability C% weight loss) 
TS = Diametral tensile strength 
350 
%F TS 
Lami na ti on 
Lami nati on 
Lamination 
Lami nation 
Lami nati on 
4.23 
4.18 
3.95 
0.94 3.79 
0.99 3.89 
1.87 
1. 97 
1. 96 
1. 60 
1. 61 
Lamination refers to lamination or capping occuring on ejection 
100% Friability refers to lamination or capping during testing 
Page 225 
T3ble S.7 Effect of Conditioning Humidity and Piasticization on 
TabJet Properties (PVP binder) 
Compaction Pressure (MPa) 
150 
Binder + Plasticizer %F TS 
Paracetamol 
::2.5% RH 
PV? + 0% PEG 200 2.32 1. 34 
+ 5% PEG 200 2.30 1.72 
+ 10% PEG 200 1. 95 2.06 
+ 15% PEG 200 1. 73 2.00 
S~~.~,% 2H 
PV? + 0% PEG 200 2.23 1. 74 
+ 5% PEG 200 1. 76 2.11 
+ 10% PEG 200 1. 73 2.24 
+ 15% PEG 200 1. 42 2.07 
Dicalcium phosphate 
2~.5% RH 
PVP + 0% PEG 200 2.75 1. 36 
+ 5% PEG 200 2.63 1. 28 
+ 10% PEG 200 2.34 1. 21 
+ 15% PEG 200 1.63 1. 05 
59.5% RH 
PVP + 0% PEG 200 2.32 1. 48 
+ 5% PEG 200 1. 91 1. 33 
+ 10% PEG 200 1. 96 1. 25 
+ 15% PEG 200 1. 45 1. 09 
Notes: %F = Friability (% weight loss) 
TS DiametraJ tensile strength 
250 350 
%F TS %F TS 
Lami nati on Lamination 
Lamination L3mination 
1. 96 2.41 2.10 2.66 
1.72 2.66 1. 98 3.12 
2.35 2.40 2.40 2.94 
1. 94 2.62 2.22 3.10 
1. 74 2.64 1. 74 3.27 
1. 55 2.60 1. 64 3.09 
1. 82 2.31 1. 40 3.32 
1. 91 2.03 1. 28 3.00 
1. 90 1. 82 1. 29 2.S9 
1. 54 1. 74 1. 16 2.69 
1. 52 2.22 1. 14 3.29 
1. 65 2.0S 1. 23 3.04 
1. 53 1. 91 1. 20 2.92 
1. 27 1. 71 1. 01 2.90 
Lamination refers to lamination or capping occuring on ejection 
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Table 5.8 Effect of Conditioning Humidity and Plasticization on 
Tablet Properties (HPMC binder) 
Compaction Pressure (MPa) 
150 250 
Binder + Plasticizer %F TS %F TS %F 
Paracetamol 
..,'1 = c.' ~4 .. "';!O RH 
350 
TS 
HPt-JC + 0% PEG 200 3.12 1. 41 3.44 1. 93 Lamination 
+ 10% PEG 200 2.80 1. 54 2.87 2.06 Lam i na ti on 
+ 20% PEG 200 1. 95 1. 20 1. 92 1. 68 2.24 1. 98 
+ 30% PEG 200 1. 91 1. 09 1. 89 1. 47 2.10 1.82 
59.5% RH 
HPMC + 0% PEG 200 2.89 1. 52 1. 88 2.00 2.98 1. 95 
+ 10% PEG 200 2.45 1. 29 2.48 1. 80 2.14 2.23 
+ 20% PEG 200 1. 85 1. 33 1. 84 1. 67 2.09 1. 90 
+ 30% PEG 200 1. 67 1.12 1. 65 1. 37 1. 74 1. 57 
Dicalcium phosphate 
22.5% RH 
HPMC + 0% PEG 200 5.36 0.87 3.93 1. 50 2.67 2.30 
+ 10% PEG 200 5.37 0.91 3.16 1. 59 2.35 2.19 
+ 20% PEG 200 4.56 0.80 3.14 1. 35 2.29 1. 94 
+ 30% PEG 200 4.37 0.62 3.14 1. 13 2.23 1. 62 
59.5% RH 
HPMC + 0% PEG 200 5.37 1. 29 3.50 1. 90 2.36 3.10 
+ 10% PEG 200 5.17 1. 25 3.78 1. 88 2.04 3.01 
+ 20% PEG 200 4.00 1. 09 2.87 1. 69 2.02 2.14 
+ 30% PEG 200 3.08 1. 00 2.53 1. 24 1. 69 1. 89 
Notes: %F Friability (% weight loss) 
TS = Diametral tensile strength 
Lamination refers to lamination or capping occuring on ejection 
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Table 5.9 cffect of Conditioning Humiditv and Plasticization on 
Tablet Properties. (Starch 1500 binder) 
Compaction Pressure (MPa) 
150 250 350 
Eincier + Plasticizer %F TS %F TS %F TS 
Paracetamol 
22.5% RH 
Starch 1500 + 0% Glycerol Lamination Lamination Lami na ti on 
+ 10% Glycerol Lamination Lamination Lamination 
+ 20% Glycerol 3.19 1. 45 Lamination Lami na tion 
+ 30% Glycerol 2.72 1. 23 3.03 1. 52 Lami nati on 
59.5% RH 
Starch 1500 + 0% Glycerol Lamination Lamination Lamination 
+ 10% Glycerol 3.55 1. 33 Lamination Lam i na ti on 
+ 20% Glycerol 3.17 1. 35 3.57 1. 56 Lamination 
+ 30% Glycerol 2.69 1.18 2.81 1. 39 2.97 1. 30 
Dicalcium phosphate 
22.5% RH 
Starch 1500 + 0% Glycerol 3.35 1. 47 2.19 2.48 1. 48 3.78 
+ 10% Glycerol 2.89 1. 39 1. 97 2.35 1. 50 3.44 
+ 20% Glycerol 2.81 1. 33 2.09 2.07 1. 44 3.31 
+ 30% Glycerol 2.22 1. 12 1. 56 2.03 1. 23 2.77 
5~.5% RH 
Starch 1500 + 0% Glyceroi 3.01 1. 90 2.11 3.25 1. 46 4.43 
+ 10% Glycerol 3.06 1. 90 1. 74 3.11 1. 44 4.00 
+ 20% Glycerol 2.61 1. 36 1. 63 2.03 1. 22 3.16 
+ 30% Glycerol 1. 95 1. 01 1. 42 2.01 1. 09 2.68 
Notes: %F Friability (I.weight loss) 
TS Diametral tensile strength 
Lamination refers to lamination or capping occuring on ejection 
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5.4.2.1 Substr-ate-Dependent Di fferences 
Differences between the compression behaviour of dicalcium phosphate 
and paracetamol was evident from the results shown in Table 5.6 
Paracetamol granulated with water alone (or with the inclusion of 
1.03% PEG 200) failed to form coherent tablets at the compaction 
pressures investigated. All tablets failed by I ami nati on or capping 
on ejection from the die due to the disruptive effects of elastic 
strain recovery. Increasing the moisture content of the granulate by 
equilibration at 59.5% RH rather than 22.5% RH had no beneficial 
effect and lamination was observed as before. Dicalcium phosphate, in 
contrast. formed tablets within the range of compaction pressures 
investigated. As tensile strength increased with compaction pressure, 
50 the friability was decreased. Inclusion of 1.03% PEG 200 in 
dicalcium phosphate granules or increasing the granulate moisture 
content by equilibration at 59.5% RH resulted in a small increase in 
tablet tensile strength and a decrease in friability. In the latter 
case the presence of small amounts of liquid, either PEG 200 or sorbed 
water, probably acted to smooth out surface microrugosity on particle 
surfaces. The true area of interparticule contact would therefore be 
increased and the effective interparticle separation decreased (Rumpf, 
1958). These factors result in increased van der Waal's forces at 
equivalent compaction pressures with concurrent increase in compact 
strength and reduced friability. 
5.4.2.2 Binder-Dependent Differences 
Binder-dependent differences in compression behaviour for the two 
substrates was evident from the results presented in Tables 5.6 to 
5.9. Paracetamol granulated with sucrose or Starch 1500 failed to 
form satisfactory tablets irrespective of the granule moisture 
content. Granulations prepared by wet-massing with HPMC and 
equilibrated at 22.5% RH formed satisfactory tablets without capping 
or lamination at compaction pressures up to 250MPa but laminated above 
this. PVP-massed granulates also formed coherent tablets at pressures 
up to 150MPa but higher compaction pressures induced lamination. 
Equilibration of HP MC and PVP granulations at 59.5% RH produced 
several significant changes in compaction performance. In both cases 
the pressure at which lamination occured was elevated such that 
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coherent tablets were formed at all pressure in the range 150MPa to 
350MPa. At equivalent compaction pressures the higher moisture 
content granulations gave tablets of a higher tensile strength and a 
lower friability compared with lower moisture content granules. The 
tensile strength of paracetamol granulations forming tablets increased 
with increased compaction up to the limit where lamination occured. 
Friacility, however, also increased with increased compaction 
pressure. 
Figures 5.7a and 5.7b show the influence of the different binders on 
the tensile strength and friability respectively of dicalcium 
phosphate tablets produced from granules equilibrated at 22.5% RH. 
Incorporation of the crystal line non-film-forming binder sucrOSE 
resulted in tablets which were weaker and more friable than those 
produced by massing with water alone. The polymeric binders, however, 
Froduced tablets of a significantly greater tensile strength and 
E~hanced resistance to friabrasion. Increased compaction pressures 
resulted in an increase in tablet strength and a decrease in 
friability. The inverse relationship between tensile strength and 
friability observed for dicalcium phosphate granulates was in contrast 
to the relationship seen with paracetamol granulates. An apparent 
dependence of friability on the tablet strength was also implied by 
the rank correlation of the polymeric binders. Thus Starch 
1500-massed and PVP-massed granulations yielded tablets of greater 
stiength than HPMC-massed granulations. Tablets containing HPMC as 
binder were also significantly more friable. 
Trends for the compression characteristics of dicalcium phosphate 
granulates equilibrated at 59.5% RH were essentially the same as those 
at RH. Tablets formed using sucrose as the binder were weaker 
and more friable than those prepared by massing with water alone. 
Tablets containing HP MC as binder were weaker and considerable more 
friable than those tablets containing PVP or Starch 1500 as binder. 
Tensile strengths at the higher conditioning humidity were, 
greater and friabilities were correspondingly lower. 
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however, 
Figure 5.7a The Effect of Binder T~Ee on the Tensile Strength 
of Dicalcium Phosphate Tablets (22.5% RH) 
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Figure S.7b The Effect of Binder TYEe on the Friability 
of Dicalcium Phosphate Tablets (22.5% RH) 
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350 
350 
5.4.2.3 The Effect of Binder Plasticization 
Inolusion ot a plasticizer in the polymeric binder systems resulted in 
significant changes in the tablettability of the system. In the case 
of dicalcium phosphate tablets, plasticization of the polymeric binder 
resulted in tablets which were significantly weaker than those 
prepared with the unmodified binder. An increase in the level of 
plasticizer incorporated produced a corresponding decrease in the 
tensile strength of the tablets produced at all compaction pressures. 
The trend is illustrated lOn FlOg. 5 8a for dO I 0 h h t HP MC 
. lca Clum p osp a e-
f8rmulations. Results given in Tables 5.7 and 5.9 show that this 
behaviour was also exhibited by tablets prepared with plasticized PVP 
and plasticized Starch 1500 respectively. Results for the friability 
of the tablets, however, indicated that although binder plasticization 
produced weaker tablets the tablets were more resistant to 
friabrasion. This trend, which was consistent for the three polymeric 
binders, is shown for the dicalcium phospnate-HPMC systems in Fig. 
5.9b. Tablets prepared from granules equilibrated at 59.5% RH 
generally had a greater tensile strength than those prepared from 
granules equilibrated at 22.5% RH and friability was correspondingly 
lower. 
With paracetamol formulations, plasticization of the polymeric binders 
produced several significant changes. The most important of these was 
to facilitate the production of coherent compacts at compaction 
pressures where, in the absence of plasticizer, lamination had 
occured. This was most significant for PVP (Table 5.8) and Starch 
1500 (Table 5.10) systems but was also apparent for HP MC (Table 5.9) 
granulations. With PVP as the binder, increasing plasticizer levels 
resulted in an increase in the tablet tensile strength for granules 
conditioned at both storage humidities. An increase in tablet 
strength was also evident for HPMC at a plasticizer level of 10% by 
weight. At higher levels, however, tablet strength decreased with 
1 t o ° t t h 0 FlOg 5 9a PlastlOclozer-mediated p as lClzer con en as sown ln . . . 
increases in tablet diametral tensile strength were not evident with 
Starch 1500 although satisfactory tablets were only formed at high 
plasticizer levels. Increased plasticizer level was also associated 
with a decrease in paracetamol tablet friability for all the polymeric 
binders, as illustrated for the HPMC-massed granulations in Fig. 5.9b. 
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Figure 5.8a The Effect of Plasticizer Concentration on the Tensile 
Strength of Dicalcium Phosphate Tablets Containing 
HPHC as Binder (22.5% RH) 
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Figure S.8b The Effect of Plasticizer Concentration on the Friability 
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Figure 5.9a The Effect of Plasticizer Concentration on the Tensile 
3 
Strength of Paracetamol Tablets Containing HPMC as 
Binder (22.5~ RH) 
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Figure 5.9b The Effect of Plasticizer Concen~ration on the 
Friability of Paracetamol Tablets Containing 
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PEG 200 10% w/w A 
PEG 200 301 w/w • 
350 
! 
350 
EqUilibration of the paracetamol granulates at 59.5% RH resulted in an 
increase l'n cappl'ng d decrease pressure an a in friability, when 
compared with granulates conditioned at the lower humidity. Effects 
on the tensile strengths were relatively small and did not follow a 
consistent trend. The trends observed with increasing plasticizer 
level generally paralleled those observed at the lower humidity, 
however. 
Figures 5.10 and 5.11 show friability plotted against tablet tensile 
strength for dicalcium phosphate-HPMC systems and for paracetamol-HPMC 
systems. These profiles confirm that plasticizer-induced tablet 
weakness was not associated with an increased friability. 
Figure 5.10 
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Figure 5.11 
4 
Effect of Plasticizer Concentration on Friability 
Versus Tensile Strength Profiles For Paracetamol 
Containing HPMC as Binder (22.5% RH) 
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At equivalent tensile strengths tablets prepared with the plasticized 
binders were more resistant to impact shock and friabrasion. At any 
piasticizer level, the friablity of dicaicium phosphate tablets 
decreased with increased tablet strength. With paracetamol, however, 
this trend was not evident. Friablity was either independent of 
tablet tensile strength or showed a tendency to increase. The latter 
t~ctor probably represents an increased contribution of debonding 
elastic strain recovery in paracetamol tablets formed at higher 
compaction pressures. 
5.4.2.4 The Effect of a Low Efficiency Plasticizer 
Results shown in Table 5.11 confirmed that the effects observed were 
due to binder plasticity, rather than a non-specific effect resulting 
from ~he inclusion of a low-volatility liquid in the granule 
formulation. 
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Table 5.11 The Effect of a Low Efficiency Plasticizer on Tablet 
Properties (HPMC binder, 22.5% R.H) 
Binder + Plasticizer 
Paracetamol (22.5% RH) 
+ 20% PEG 200 
150 
%F 
1. 95 
Compaction Pressure (MPa) 
250 
TS %F TS %F 
1. 20 1. 92 1. 68 2.24 
350 
TS 
1. 98 
+ 20% PEG 600 2.80 1. 01 2.78 1. 34 Laminates 
Dicalcium phosphate (22.5% RH) 
+ 20% PEG 200 4.56 0.80 
+ 20% PEG 600 5.28 0.96 
Notes: IF = Friability (% weight loss) 
TS = Diametral tensile strength 
3.14 
3.80 
1. 35 2.29 1. 94 
1. 48 2.56 2.78 
PEG 600 had previously been demonstrated to be an inferior plasticizer 
for HPMC. The effect of PEG 600 inclusion of the properties of the 
resultant tablets was consistent with reduced binder plasticity. Thus, 
the inclusion of PEG 600 resulted in paracetamol tablets which were 
weaker. more friable and with a lower capping pressure than similar 
tablets prepared using PEG 200 as plasticizer. Dicaicium phosphate 
tablets prepared with PEG 600 were, in contrast, stronger yet more 
friable than those prepared with PEG 200. 
5.4.2.5 Discussion 
A comparison of the tensile strength results for dicalcium phoshate 
granules equilibrated at 22.5% RH and 59.5% RH appeared, at first 
inspection, to be anomalous. The higher moisture content of granules 
equilibrated at 59.5% RH was associated with an increased tensile 
strength. Moisture sorption has previously been shown to increase 
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binder plasticity (Chapters three and four). This is associated with 
decreased tablet tensile strength (Figure 5.8a). Changes in tensile 
strength due to moisture uptake/loss by re-equilibrium during the 
storage period between tabletting and testing could be discounted, 
since the compressed tablets were stored at the same relative humidity 
, 
as the parent granules. The moisture-induced strength increase was 
most evident for unplasticized binders and at low plasticizer levels. 
At the higher plasticizer levels the effect was not significant or 
was absent. The effect was most evident for HPMC granulates, less for 
Starch 1500 granulates and was virtually eliminated for PVP. Thus, 
the effect was most significant for binders having the lowest affinity 
for moisture. 
An explanation for the observed effects may be round by considering 
factors affecting the tensile strength of a tablet and the influence 
moisture may have on these factors. Within a tablet formed from a 
granular system containing a polymeric binder, forces contributing to 
the strength of the compact may be cohesive or adhesive, i.e. acting 
between identical materials or non-identical materials. At the 
interface of a substrate particle and the binder film. adhesive forces 
operate whereas within the binder itself cohesive forces operate. 
During the tensile testing of a tablet, failure may occur at the 
adhesive interface or within the cohesive binder film. The tensile 
strength of the tablet will depend on the weaker of the two. The area 
over which the bonding force is exerted will also affect the resultant 
tablet strength. 
The presence of moisture in the system will influence both adheSIon 
and cohesion. At the adhesive interface sorbed moisture will act to 
reduce microrugosity, decrease interparticle separation and increase 
the true area of contact, with the result that the magnitude of van 
der Waal's attractive forces is increased. Moisture associated with 
the polymeric binder, however, results in a decrease in the cohesion 
of the binder matrix. This is demonstrated by the fall in binder film 
tensile strength ,Chapter three). For unplasticized binders of low 
moisture affinity, binder cohesion would be high and adhesion might 
prove to be the limiting factor in the tensile strength of a tablet. 
Moisture-mediated increase in van der Waal's forces would therefore 
increase tablet tensile strength. In the case of highly plasticized 
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binders, binder cohesion would be lower and might be sufficiently low 
to be the limiting factor in the determination of tablet tensile 
strength. The ability of sorbed water to plasticize the binding agent 
and thus further decrease cohesion would then result in tablets of a 
lower tensile strength. The same considerations also apply to the 
influence of moisture on the tabletting properties of the paracetamoi 
granulates. 
Tabletting results presented in this chapter show some agreement with 
the observations of earlier workers. A number of differences exist, 
however, both in the nature of the effect and in its interpretation. 
The ability of binder plasticization to increase the strength and 
capping pressure of paracetamol tablets, substantiates earlier reports 
(Wells et a!., 1982; Krycer et al., 1983). The present work has 
shown. however, that an optimum level of binder plasticity exists with 
respect to the tablet strength. Well s et al., (1982) found that whi le 
binder plasticization decreased the friability of paracetamol tablets, 
the magnitude of the effect was independent of plasticizer 
concentration. This is in contrast with the present observations. 
Wells et al., (1982) suggested that the reduction in dicalcium 
phosphate compact strength with increasing plasticizer level, was due 
to increased binder deformation at the expense of substrate 
fragmentation. While this could be true, it is an unsatisfactory 
explanation of the phenomena observed here. Dicalcium phosphate 
compacts prepared without binder (where fragmentation during 
compression would presumably be greatest) were observed to be much 
weaker than those containing a polymeric binder. Plastic deformation 
of binder during compression generates a much greater area of true 
contact between particles, resulting in stronger tablets than those 
prepared without binder. Doelker and Shotton (1977) have shown, 
however, that the strength of dicalcium phosphate tablets is also 
determined by the strength of their granules. Since weaker binders 
yield weaker granules (Reading, 1983), the reduction in binder 
strength resulting from plasticization accounts for the fall in 
compact strength with increased plasticizer levels. 
The effect of binder plasticity on the strength of paracetamol tablets 
has some similarities with the observations of Doelker and Shotton 
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(1977). The latter workers noted that binders yielding the weakest 
granules gave rise to the strongest tablets of paracetamol. In an 
analogous manner plasticization, with its resultant weakening of the 
binder matrix, was associated with an increase in paracetamol tablet 
strength and a decrease in capping pressure. A significant 
observation of the present work was the existence of an optimum level 
of binder plasticization for the paracetamol tablets. Above this 
level, increasing binder plasticity was associated with decreased 
tablet strength as observed for dicalcium phosphate tablets. This 
behaviour suggests that the fundamental behaviour of the binder is 
essentially the same irrespective of the substrate material. At low 
levels of binder plasticity, however. the debonding effect of elastic 
strain recovery in materials like paracetamol is the dominant factor 
in determining tablet strength. But, when the binder is sufficiently 
plastic to ensure the persistence of a coherent tablet, then binder 
strength will directly determine tablet strength. 
5.4.3 Tablet Work of Failure - Correlation with Friability 
The influence of plasticizer inclusion on the tensile strength and 
friability of tablets was observed to be qualitatively similar 
irrespective of the binder used. In an attempt to further interpret 
these effects, the influence of binder plasticity on tablet toughness 
or apparent work of failure, was investigated. Tablets formed from 
the substrates (paracetamol and dicalcium phosphate) granulated with 
H?MC plasticized with PEG 200 were employed as the model system. The 
apparent work of failure was determined by integration of the area 
beneath the diametral compression force versus platten displacement 
curve (Rees and Rue, 1978). Church and Kennerley (1984) noted that 
this was not strictly correct since the measurement of deformation 
should be unidirectional with the failure stress and not perpendicular 
to it. Nevertheless information of a quantitative nature is obtained. 
All plots obtained, irrespective of substrate or plasticizer level 
showed a linear increase in strain with increasing application of load 
up to the point of failure. There was no evidence of further plastic 
flow or of yield in the deformation of the test tablets. This is 
illustrated for tablets compressed at 150MPa in Figs. 5.12a and b for 
dicalcium phosphate and paracetamol respectively. 
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Figure 5.12a 
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Church and Kennerley (1984). using a four point bending test. reported 
similar results for a range of materials irrespective of the nature of 
derormation during compression. 
Results presented in Table 5.11 shows that increased binder plasticity 
did not result in an increase in tablet toughness for the dicalcium 
phosphate granules. 
Table 5.11 Effect of Conditioning Humidity and Plasticization on 
Tablet Work of Failure (HPMC Granulates) 
Compaction Pressure (MPa) 
150 250 350 
Work of Failure (mJ) 
Paracetamol 
22.5% RH 
+ PEG 200 0% 48.54 81.23 Laminates 
1" PEG 200 10% 53.50 94.32 Laminates 
+ PEG 200 20% 38.45 49.98 65.43 
1" PEG 200 30% 28.44 46.78 49.05 
59.5% RH 
+ PEG 200 0% 54.44 83.40 82.51 
+ PEG 200 10% 48.25 77.65 75.30 
+ PEG 200 20% 39.10 50.10 69.55 
+ PEG 200 30% 36.09 49.02 63.75 
Dicalcium phosphate 
22.5% RH 
+ PEG 200 0% 7.97 15.00 28.56 
1- PEG 200 10% 7.40 13.13 18.40 
1- PEG 200 20% 6.34 10.79 20.28 
+ PEG 200 30% 5.47 9.56 16.14 
59.5% RH 
+ PEG 200 0% 8.19 17.06 35.50 
+ PEG 200 10% 7.98 16.54 30.50 
+ PEG 200 20% 7.75 13.10 26.05 
+ PEG 200 30% 7.54 12.68 19.06 
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The work of failure of a tablet is a product of tensile strength and 
of diametral deformation. The reduction in tablet strength, associated 
with increasing plasticizer content. had a predominant influence on 
the observed toughness which consequently decreased. In contrast, 
binder plasticization in paracetamol granulations facilitated an 
increase in tablet tensile strength and consequently an increase in 
toughness. Higher plasticizer concentrations which resulted in a 
decreased tensile strength, however, reduced the apparent toughness. 
At the higher relative humidity, small increases in work of failure 
reflected the increase in tablet strength. In al I cases, tablets 
prepared at the higher cornpaction pressures showed an increase in 
toughness. This resulted primarily from increased tensile strength 
and, to a lesser degree, increased diametral displacement at failure. 
In contrast to the observations of Rees and Rue (1978b), the 
resistance of the tablets to impact attrition did not correlate with 
the work expended in causing diametral failure. 
All formulations examined exhibited different tensile strengths and 
different diametral deformations. However, since the diametral 
strain was observed to increase linearly with applied load, it was 
possible to compare data directly by calculating a diametral modulus, 
defined as the slope of the force-displacement plot during diametral 
compression. Table 5.12 shows that, irrespective of compaction 
pressure, increasing plasiticizer concentration resulted in a lower 
modulus both foi dicalcium phosphate and paracetamol tablet. In 
contrast, the modulus increased with increasing compaction pressure. 
The apparent diametral moduli presented in Table 5.13 represents the 
diametral stiffness of the formed tablets. It is unlikely that the 
process of compact ion would affect the stiffness of primary substrate 
particles (although the potential for work-hardening cannot be 
entirely ignored). It is suggested therefore, that the measured 
modulus is dependent on two factors. Firstly, the degree of 
intErparticle bonding which occurs during compression and secondly, 
the mechanical properties of the binder matrix. 
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Table 5.12 Effect of Conditioning Humiditl and Plasticization on the 
Apparent Diametral Modulus (HPMC Granulates) 
Compaction Pressure (MPa) 150 250 350 
Apparent Diametral Modulus (MNm- I ) 
Paracetamol 
22.5% RH 
+ PEG 200 0% 0.59 0.66 Laminates 
+ PEG 200 10% 0.55 0.62 Laminates 
+ PEG 200 20% 0.43 0.54 0.54 
+ PEG 200 30% 0.38 0.51 0.50 
59.5% RH 
+ PEG 200 0% 0.56 0.61 0.64 
+ PEG 200 10% 0.53 0.58 0.62 
+ PEG 200 20% 0.44 0.53 0.51 
+ PEG 200 30% 0.35 0.51 0.52 
Dicalcium phosphate 
22.5% RH 
+ PEG 200 0% 0.29 0.41 0.51 
+ PEG 200 10% 0.28 0.40 0.48 
+ PEG 200 20% 0.23 0.37 0.48 
+ PEG 200 30% 0.21 0.29 0.39 
59.5% RH 
+ PEG 200 0% 0.28 0.40 0.51 
+ PEG 200 10% 0.29 0.39 0.47 
+ PEG 200 20% 0.22 0.38 0.47 
+ PEG 200 30% 0.21 0.28 0.39 
In the absence of disruptive elastic decompression effects, the former 
factor is enhanced by increased compaction pressures resulting in 
compacts of increased stiffness. Incorporation of a plasticizer, 
however, reduces the stiffness of polymeric binders (see Chapters 
three and four). It might be expected that, under certain conditions, 
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increased binder plasticity may contribute to greater densification 
and bonding with a resultant increase in compact stiffness. There is 
some evidence that this occurs for tablets formed at the higher 
relative humidity. 
These results indicate that tablet friability cannot be correlated 
directly with any single mechanical property of the tablet. The 
results strongly indicate that resistance to friabrasion is dependent 
on a balance between strength and stiffness. At low compaction 
pressures and high plasticizer levels, a low tablet stiffness enables 
impact to be translated into elastic strain (which may be recovered 
without bond rupture as illustrated by the influence of binder 
plasticity on paracetamol capping). At high compaction pressures, 
increased inter-particulate bond strength evidenced by increased 
tablet tensile strength, facilitates resistance to impact despite 
increased compact stiffness. This is less evident for paracetamol. 
however, because of the greater extent of debonding elastic strain at 
higher compaction pressures. An analogy may be drawn between the 
impact resistance of three model materials as indicated in Table 5.13. 
Table 5.13 
Material 
Glass 
Steel 
Rubber 
The Influence of Strength and Stiffness on the 
Impact Resistance of Three Model Materials 
Stiffness Strength Impact Resistance 
HIGH LOW LOW 
HIGH HIGH HIGH 
LOW LOW HIGH 
If a brittle material is subjected to stress, as a result of a lack 
of ductility, localised stress concentrations will occur at the site 
of imperfections or flaws (Griffith, 1920). The magnitude of the 
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stress will depend on the severity of the flaws and their orientation 
with respect to the applied stress. When the stress exceeds a 
critical value for the material, fracture will be initiated and will 
propagate through the specimen to give failure. Thus. materials such 
as glass fail readily under impact due to both a low ductility and a 
low critical failure stress. Similarly, tablets of low ductility and 
low tensile strength are friable. Materials such as steel, which may 
have a low degree of ductility, show a much greater resistance to 
impact due to the high critical failure stress, i.e. an inherent 
greater strength. Likewise. in the absence of debonding elastic 
strain recovery, stronger tablets produced at higher compaction 
pressures show reduced friability despite an increased stiffness. 
Rubbery materials, although weak, also show a high resistance to 
impact damage since the impact stress is readily dissipated by elastic 
strain. Highly plasticized tablet binders reduce tablet friability in 
a similar manner, since they confer rubbery extensibility in addition 
to reducing the tensile strength of the tablet. 
5.5 Conclusions 
The use of the modified Kenwood Gourmet food processor gave good 
reproducability for granulation by wet-massing. Production of highly 
regular granules with a tight size distribution in situ demons~rates 
that the mixer acted as satisfactory model for a high speed mixer-
granulator. Binder-dependent differences in granular morphology were 
detected but the inclusion or a plasticizer did not result in any 
further changes. This was expiained by the limited effect that the 
binder inclusion would have on the physical properties of the 
granula~ing solution. PEG 200 is a known co-solvent for paracetamol 
in aqueous systems but, at the level used here. differences in 
granular morphology due to increased secondary binding (Wells and 
Walker, 1983) were not detected. 
The properties of tablets formed from granulated dicalcium phosphate 
or paracetamol were found to be dependent, not only on ~he nature of 
the substrate material, but also on the plasticity of the binder. 
Sucrose, included as a crystalline non-film forming contr~l, exhibited 
very poor binder characteristics for both substrates. 
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Plasticizer inclusion had significant effects on the mechanical 
properties of both paracetamol and dicalcium phosphate tablets 
prepared with polymeric binders. The nature of the effect was, 
however, substrate dependent. Thus, increasing binder plasticity 
invariably resulted in a decrease in the tensile strength of 
dicalcium phosphate tablets. In contrast, increasing binder plasticity 
could increase the strength of paracetamol tablets, although an 
optimum was observed above which tensile strength fell. A significant 
effect of binder plasticization was to faciliate the production of 
coherent tablets at compaction pressures which, in the absence of 
piasticizer caused lamination or capping. Further increase in binder 
plasticity results in the elevation of capping pressure. 
Although some binder dependent differences in tablet properties were 
observed, the effects of binder plasticization were qualitatively 
similar. This implies that the effects of binder plasticization are 
mediated via a common physico-mechanical mechanism. 
For both dicalcium phosphate and paracetamol tablets, friability was 
reduced with increasing binder plasticity. This occured irrespective 
of whether the tensile strength of the tablet was increased or 
decreased. This increase in resistance to impact attrition was not 
simply related to a increase in the work of failure (a measure of the 
toughness) of the tablets. A model concept to explain the observed 
friability in terms of a balance between tablet stiffness and tensile 
strength was proposed. 
The effect of increased binder moisture content on the properties of 
paracetamol tablets was consistent with increased binder ductility. 
The results for dicalcium phoshate were more ambiguous in terms of 
tablet crushing strength, although friability was still reduced. 
Results for dicalcium phosphate could be explained by a moisture-
mediated increase in tablet hardness. Within a tablet, moisture may 
influence polymeric binder cohesion (via its plastizer effect) and 
binder-substrate adhesion (by smoothing micro-rugosity to increase 
bonding area). Discrimination between cohesive tablet failure and 
adhesive tablet failure was not attempted in the present work. 
However, it is probable that the net effect on tablet strength will 
reflect the weaker of the two. 
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Inclusion of a plasticizer (PEG 200) in the absence of a polymeric 
binder produced no significant benefits in the properties of resultant 
tablet (where formed) compared with tablets produced from granuies 
massed with water alone. This constitues evidence that the influence 
of the plasticizer is mediated through its influence on the mechanical 
properties of the binder film. Further evidence that the effects 
observed reflect binder plasticity, is given by the data presented for 
control granulations containing a plasticizer of lower efficiency. In 
the case of paracetamol granulations, tensile strength enhancement and 
friability decrease were either absent or diminished. In the case 
of dicalcium phosphate granulations, the resultant tablets were 
stronger (reflecting the greater strength of the binder film) but 
resistance to friabrasion was lower. 
While binder plasticization clearly does not produce significant 
effects on granule morphology, there are significant effects on the 
mechanical properties of the tablets. This must reflect the manner 
in which the granule responds to compressive stress. Consequently, 
the influence of binder plasticity on the consolidation, plasticity 
and elasticity of granulates is investigated in the following chapter. 
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CHAPTER SIX 
COMPRESSION STUDIES 
COMPRESSION STUDIES 
6.1 Introduction 
The previous chapter reported on the influence of binder and binder 
plasticity on the physico-mechanicai properties of compressed tablets 
formed from some model granulates. The properties of the tablet will 
be determined by the deformation and bonding/debonding characteristics 
of the granulate during compression. Methods for evaluating the 
deformation behaviour of compressed materials have been reviewed in 
section 1.2. Frequently, the methods may not be entirely 
representative of the situation occuring during a real tabletting 
process. Nevertheless, they offer the potential for controlled 
evaluation of the effect of formulation and process variables on 
compression behaviour. In the present chapter. a number of techniques 
have been employed to investigate the effects of binder and binder 
plasticity on the consolidation. plasticity, and elasticity of model 
granulates. Compression was carried out using a punch and die set 
mounted between the plattens of a hydraulic testing machine. The 
sophisticated control systems of the press enabled accurate control 
and determination of applied load and upper punch displacement. 
6.2 Materials and Methods 
6.2.1 Materials 
Substrates for the compression studies were paracetamol and dicalcium 
phoshate. The rationale for their selection was described in Chapter 
five. The composition. manufacture and conditioning of the test 
granulates was identical to that described in section 5.3. Granules 
were prepared either in the absence of a binding agent by wet-massing 
in the absence of a binder (with water alone or with a solution of PEG 
200), or by wet-massing with a binding agent. Le. HPMC. PVP. Starch 
1500 or sucrose. Granules containing PEG 200-plasticized HP MC or PVP 
and glycerol-plasticized Starch 1500 were prepared to study the 
influence of binder plasticity on compression behaviour. 
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6.2.2 r-iethods 
6 . 2.2 . 1 The Haves Press 
A Mayes Universal Hydraulic Testing Machine ('.I. H. r"ia yes (Wi ndsor) 
Ltd) was used to study the compaction characteristics of the model 
granulates . Although not a purpose-built compaction simu lat or as 
described, for example, by Hunter et al. (1976), the Mayes press has a 
number of features which make it particularly useful for compaction 
studies. Operation of the 1"1ayes Press (Fig. 6.1) was possib l e in two 
modes : 
- Ram disp l acement control to maintain constant strain 
- Lo ad control to mainLain constant stress 
Figure 6 .1 The I"layes Press 
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In ram control. strain rates of up to 1000mm min- 1 were achievable. 
The ram displacement was monitored by an internal displacement 
transducer with a minimum stroke of 20mm and a resolution of 0.1%. 
The analogue ou~put of C to -10 volts at full scale could be 
conditioned using an inverting operational amplifier and attenuated 
to a level suitable for digitising and logging via the analogue port 
of the BBC microcomputer. Data logging using the BBC microcomputer 
has been discussed previously in Chapter Four. Calibration of the 
displacement transducer was carried out using slip gauges, accurate to 
±::, !lm, in the range 0 to 20mm. The regression of digital output 
displacement was linear (regression coefficient r > 0.999) 
and intercepted at the origin. 
In load control loading rates of up to 500kNmin- 1 were obtainable. 
0:o:n: a SOkN crosshead mounted loadcell (warranted to A1 standard, 
S.S. 1E,1·::. 19:,7) the maximum load could be attained in 6 seconds. The 
analogue signal from the loadcell, 0 to -10 volts at full scale, coulj 
be conditioned using an inverting operational amplifier and attenuated 
to a level suitable for digitising and logging via the analogue porL 
of the BBC microcomputer. With load control selected, a feedback loop 
to the ram servo mechanism enabled a constant load to be applied to 
the test specimen thus compensating for stress-relaxation which may 
occur due to time-dependent deformations. 
6.2.2.2 The Punch and Die Set 
A punch and die set using 10mm round flat-faced punches (I. Holland 
Ltd. Nottingham) were used in this work (Fi g. 6.2) . Punch faces and 
the i nterrla I bore -" '-'. the die were polished prior to use and 
periodical iy oetwe2n runs as necessary. The punches and die were 
enclosed in a separate aluminium holder which acted to correctly 
locate punches wiLhin the die and to ensure that top punch penetration 
WaS norffial to the die. The complete assembly was positioned between 
the ram and thE loadcell of the Mayes press. During a compression 
event the top punch force was monitored by the crossshead loadcell 
whilst displacement was gauged by the displacement transducer. 
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Figure 6.2 The Punch and Die Set 
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6.2.2.3 Consolidation of Granules During Compression 
Granules were prepared and conditioned as described previously in 
Chapter five. Enough material (400mg for paracetamol granuiates and 
700mg for dicalcium phosphate granulates) to give a compact 
approximately 4mm thick at theoretical zero porosity was poured into 
the bottom punch and die assembly and the top punch inserted. 
Granulates were used unlubricated but in all cases the die bore and 
punch faces were pre-Iubricated using a suspension of magnesium 
stear~te 5% w/v in carbon tetrachloride. The complete assembly was 
postioned in its holder between the ram and loadcel I plattens of the 
Mayes press. 
Fer ~he study of consolidation a final upper punch force of 30kN 
lapproximately 380MPa) was programmed in load control at a loading 
rate of either 500kN min- 1 or 50kN min- I giving theoretical loading 
~imes of 3.6 seconds and 36.0 seconds respectively. Granulates were 
subjected to a pre-load of lMPa prior to running a compression event 
in order to provide an unambiguous starting reference. Analogue 
outputs from the loadcell and the external displacement transducer 
were conditioned and logged into ADC channels 0 and 1 respectively of 
the BBC microcomFuter. Software written for data logging with the le! 
micro-indenter (Chapter Four) was modified for this purpose. Analogue 
signals could be sampled and digitised sequentially every 10ms 
enabling a maximum of 50 load-displacement coordinates to be captured 
per second. To record a compaction event. the Mayes press was set 
into compression mode and the output from the loadcell monitored by a 
software procedure. Data logging continued either until the preset 
maximum axial load was reached or for a predetermined holding time 
after reaching maximum load (to investigate consolidation at constant 
stress). Captured data was then written to disc for analysis. 
Methods for the study of consolidation h~ve been discussed in a 
previous section (1.~.2). In the present work force-displacement data 
captured by microcomputer was analysed using the relationship between 
compressive pressure and relative density proposed by Heckel (1961). 
The Heckel approa2h has some limitations but is widely used and allows 
Quantification or various modes of deformation. By comparing tablet 
densities at equivalent pressures, the relative deformability of 
different granulates can be compared. in addition the relative 
densification can be regarded as an indirect measure of bonding area, 
since the true area of interparticulate contact will increase as the 
relative density approaches unity. 
The tendency of paracetamol granulations to cap or laminate in the 
absence of binder or under conditions of low binder plasticity lead to 
problems in the accurate measurement of post-compression compact 
dimensions. Heckel plots were consequently derived from tablet 
dimensions aetermined under compression (this was adopted as the 
convention for dicalcium phosphate also for consistency). Fell and 
iJewton (1971) have indicated that the measurement of compact 
dimensions under pressure will include a contribution due to elastic 
dcTorm2ticn. This gives an increased value for the derived Heckel 
function In (1/1-0) resulting in a lower mean yield pressure than 
would be obtained fron the dimensions of ejected compacts. 
Procedures written into the data logging software enabled rapid 
conversion of captured parameters to the form of the Heckel 
relationship. The thickness of a compact at any time during a 
compaction event was evaluated from the logged ram displacement of 
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the Mayes press af~er correction for the elastic deformation of the 
tes~ rig (Fig. 6.3). Thus, using software constants for the die 
diameter and the mass of granule in the die. the apparent density was 
obtained. The relative density D in the Heckel equation is the 
apparent compact density at any given pressure divided by the solid 
density at =ero porosity. In the absence of facilities for accurate 
pycnometry it was assumed that the density of compacts compressed for 
30 seconds at 50kN (636MPa) was equal to the true solid density. 
Compressive pressure was obtained from the logged axial force and the 
punch face area. 
Figure o.~ Elastic Deformation of the Test Rig 
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6.:.2.4 Stress-relaxation 
The stress-relaxation of a material stressed under conditions of 
constant strain is a function of purely plastic flow without 
interference from viscoelastic (retarded elastic) strain. Stress-
relaxation of compressed granulates was investigated under constant 
strain using the Mayes press in ram control mode. Granules were 
prepared and conditioned as before, and a granule mass sufficient to 
give a compact 4.0mm thick at theoretical zero porosity was employed 
to enable comparison of equivalent bulk of materials. Granulates were 
used uniubricated but in all cases the die bore and punch faces were 
pre-lubricated using a suspension of magnesium stearate w/v in 
carbon tetrachloride. 
The ram displacement was programmed to achieve the required maximum 
upper p~nch pressure oc strain rates of either 1000mm min-
' 
or 
lOOmm mi n- 1. To record a compact ion event, the Mayes press was set 
into compression mode and the output from the loadoell monitored by a 
software procedure. Ine first detectable load in excess of 1MPa 
initiated logging of axial force and time. Compression was 
automatically halted at the preset upper punch pressure and the decay 
in axial force was recorded for a further 100 seconds. Captured data 
was then written to disc for analysis. 
Data captured by the BBC microcomputer was converted to residual 
stress-elapsed time profiles. The relaxation of the empty punch and 
die set compressed between the ram platten and crosshead loadcell to a 
peak stress of 150MPa was also recorded. The decay in axial stress 
with time was small, i.e. of the order of 2 - 3% after lOOs, 
indicating the relative mechanical stiffness of the Mayes press-punch 
and die set. Nevertheless, stress-relaxation data for the test 
granulates was corrected for the relaxation of the test rig before 
data analysis. 
6.~.2.S Elastic Strain Recovery 
Axial elastic strain recovery was determined within the die 
immediately after decompression. Granules were prepared and 
conditioned as before, and a granule mass sufficient to give a compact 
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4.0mm thick at theoretical zero porosity was employed to enable 
comparison or equivalent bulk of materials. Granulates were used 
unlubricated but in al I cases the die bore and punch faces were 
pre-lubricated using a suspension of magnesium stearate 5% wiv in 
carbon tetrachloride. 
The ram dispiacement was programmed to give a maximum upper punch 
pressure of 150MPa at a strain rate of either 1000mm min- 1 er 
100mm mi n- 1 • To record a compaction event, the Mayes press was set 
into compression mode and the output from the 10adcell and 
displacement transducer logged by the BBC microcomputer. Release of 
the compaction load was initiated manually as soon as the maximum 
upper punch pressure had been achieved. In all cases, the dwell 
period between achieving maximum pressure and release of pressure was 
less than one second. The axial elastic recovery of the tablet was 
determined from the upper punch displacement when the upper punch 
pressure had decayed to a reference value of IMPa. 
Data captured by the BBC microcomputer were reduced to the form of 
compaction pressure-displacement profiles which were stored on disc. 
Using a software procedUre, the tablet thickness at 150MPa compaction 
pressure was evaluated from the displacement data. Similarly, the 
tablet thickness after axial elastic strain recovery was evaluated 
when the upper punch pressure had decayed to a reference value of 
1MPa. Displacement data was corrected for deformation and recovery 
of the test rig to give accurate tablet thicknesses. 
6.3 Results and Discussion 
6.3.1 Pressure - Volume Relationships 
6.3.1.1 Consolidation of the Substrates 
The relationship between compaction pressure and In 1/(1-0) for 
dicalcium phosphate and paracetamol granulates prepared by wet-massing 
in the absence of a binder is shown in Figs. 6.4 and 6.5 respectively. 
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Figure 0.4 Consolidation of Paracetamol Granulates 
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Heckel (1961 a) proposed that non-linearity of the plots at low 
pressures was ~ue to particulate rearrangement achieving closer 
packing in the absence of bonding. For both substrates the presence 
of an initial non-linear region suggested that densification at low 
loads involved rearrangement. But, since granules prepared without a 
binder were weak anj friable. densification in the non-linear part of 
the Heckel ploe was also associated with concurrent granule failure at 
low pressures. At pressures above about 50MPa for dicalcium phosphate 
and about 100MPa for paracetamol the plots tended to linearity. 
Anaivs!s or the Heckel plots al lows the determination of a number of 
parameee,s which characterise the consolidation process. The 
rsprocucsoility of the system used and the accuracy of data analysis 
was checked by performing 10 replicate compression cycles on a 
bics;cium phosphate granulate wet-massed in the absence of binder and 
equilibrated at 22.5% RH. Using a loading rate of 500kN min-' the 
Derived constants F,. D~ and DD with their respective coefficients of 
variaeion were 234.9 MPa (1.58%), 0.734 (1.05%) and 0.672 (2.93%). 
The ini~ial relative density Do of the granule bed was determined 
aiter the application of a pre-Ioad of 1 MPa. This provided an 
unambiguous initial reference point. 
For al I granulations investigated, best linearity was achieved within 
the pressure range 150MPa to 300MPa. Regression analysis on daea 
points within these limits was highly significant (R > 0.999) in all 
cases. The low values for the coefficients of varia~ion and the 
coincidence of replicate Heckel plots reflect the confidence in the 
exrsrimental procedure and in tne method of analysis. Subsequently, 
Hec~el parameters for al lather granulates were determined from three 
replicate experiments. The calculated Heckel parameters for the 
ccnsolidation of paracetamol and dicalcium phosphate granulates are 
reported in Tables 6.1 and 6.2 respectively. 
For both substrates, Heckel profiles were essentially unaffected by 
the conditioning humidity. For dicalcium phosphate a small increase 
in densification seen at the higher humidity was due mainly to an 
increase in the rearrangement phase of consolidation. This was 
evident from the higher value of the intercept AM and the resultant 
increase in De (Table 6.2), 
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Table 6.1 Hecl:e I Parameters fer the Consol idation of Paracetamol 
Relative Loading K~ x 103 Py AH Do DA De 
Humidity Rate 
% (kN mi n- 1 ) (MPa- 1 ) (MPa) 
'")1") ;: 
"'-..;.. • ...J 500 5.152 194.0 1.367 0.626 0.745 0.119 
50 5.200 192.3 1.355 0.621 0.742 0.121 
+ 1.03% pcr '-u 200 
5·00 5.047 198.1 1.402 0.628 0.753 0.125 
cc, :; 
....; ..... ' . ...., 500 5·.2=:'4 192.8 1.400 0.627 0.754 0.127 
Table- S.::: He:i:e 1 Parameters for the Consol idation of Dicalcium PhosEhate 
Eela1.ive Loading KM X 10:' Py AH Do D. De 
Humidi~y Rate 
% (kN min- 1 ) (!"iPa- 1 ) (MPa) 
2:.5 500 4.257 234.9 1. 327 0.672 0.734 0.062 
50 4.344 233.7 1.327 0.674 0.734 0.060 
+ 1.03% PEG 200 
500 4.221 236.9 1.387 0.675 0.750 0.075 
~ c, ::: 5(,0 4.323 rJ ':; -:) ":1 1.383 0.670 0.746 0_076 ,-,-,.-1 _vv • ...J 
This can attributed to a lubricant activity of sorbed moisture at low 
compaction prEssures. Paracetamol also showed evidence of a lubricant 
mediated increase in densification however a small decrease in the 
mean yield pressure Pv also contributed to densification at the higher 
humidity (Table 6.1). The low dependence of compression properties 
with respect to storage humidity reflects the low equilibrium moisture 
contents of dicalcium phosphate and paracetamol over the relative 
humidity range considered. This substantiates the cholce of these 
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materials as suitable models for the investigation of binder effects 
on compression with minimal moisture mediated substrate effects. 
The inclusion of 1.03% PEG 200 in the granules also had little effect 
on the consolidation characteristics of granules prepared without a 
binding agent. Both paracetamol and dicalcium phosphate exhibited a 
smal I increase in densification at low pressure, probably due to a 
lubricant effect. The mean yield pressure was slightly greater than 
for granules prepared without the PEG 200 and this may reflect a 
hydrodynamic resistance to consolidation at higher presures. 
The yield pressure for dicalcium phosphate (234.9 MPa at 22.5% RH) was 
greater than for paracetamol (194.0 MPa at 22.5% RH) probably 
reflecting a greater intrinsic hardness of the inorganic material. The 
yield pressure for the paracetamol granules reported here is 
considerably higher than previously reported for paracetamol powder. 
Humbert-Drcz et al .• (1952) reported a yield pressure of 79MPa whilst 
Roberts and Rowe (1955) reported an approximate value of 110MPa. 
Different compression protocols inevitably will give different yield 
pressures. The main difference can be attributed to the fact that 
granular paracetamol densifies to a greater extent by rearrangement 
and crushing. Linearity of the Heckel plot is not therefore 
encountered until higher pressures where further densification is 
impeded by a low compact porosity. 
The original work of Heckel (1961a) used post-compression compact 
dimensions for the evaluation of relative density. His compactions 
were carried out on deformable metal powders of high elastic modulus 
and consequently fragmentation and elastic strain were probably 
negligable. Non-linear Heckel plots may have resulted with granulates 
used here had compact dimensions been determined after decompression. 
Slow viscoelastic strain recovery, in addition to elastic strain 
recovery, may introduce a degree of time-dependency in the form of 
Heckel plots determined from post-compression compact dimensions. The 
suggestion of Rees and Rue (1978) that differences in Heckel plots 
obtained at different contact times should be due only to plastic 
deformation may not therefore be correct. 
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6.3.1.2 The Effect of Granulation with a Binder 
On Granule Consolidation 
Heckel consolidation profiles for paracetamol and dicalcium phosphate 
granulated with each binder system are shown in Figs. 6.6 and 6.7 
respectively. 
Figure 0.6 
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Figure 6.7 
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in all cases a. compaction rete of 500 kN min- 1 was used. Comparison 
with the Heckel plots derived for the substrates alone (Figs. 6.4 and 
IS. 5) show severa I tea tures. The curved phase of the Hecke I pI otg, 
indicative of consolidation by rearrangement, was greater for all 
granulates containing a binder than for the simple aqueous massed 
substrates. Relative densities of binder containing granulates were 
lower than those of the substrates at low compaction pressures. At 
higher pressures, binder-containing granules were densified to a 
greater extent. This indicates that although the extent of the close 
packing and rearrangement phase was increased, binder induced granule 
strength meant that higher pressures were required to facilitate the 
prDcess. This was particularly marked for the polymeric binders. but 
jes~ so fot sucrose granulates where granule friability facilitated 
greater densification at low compaction pressures. Above about 150MPa 
t~e rieckel plots tended to linearity. At a conditioning humidity of 
Eh the rank order r or increase in relative density on 
cCffipression of the granulates was: 
HPMC > FVP > sucrose > Starch 1500 
Constants characterising consolidation which were derived from the 
Heckel plots are given in Tables 6.3 and 6.4. 
Table 6.3 The Effect of Binder THe on the Consolidation of Paracetamol 
SinGer Relative KH x 103 Pv AH Do DA DB 
Humidity (j'iPa- , ) (j-iPa) 
% 
':·ucrose ~'j :: L.~.-, t: t: 1:'-; ....J • ....J...J~ 180.1 1.279 0.561 0.721 0.160 
PV? 22.5 5.618 178.0 1. 199 0.515 0.698 0.183 
HPI-iC -;.-/ ::- 5.638 177.3 1.239 0.525 0.710 0.185 '-'-.~ 
Starch 1500 22.5 5.534 180.7 1.220 0.537 0.704 0.167 
Sucrose 59.5 5.580 179.2 1.303 0.561 0.728 0.167 
PVP 59.5 5.925 168.9 1.298 0.515 0.726 0.211 
HPf"lC 59.5 5.735 173.8 1.356 0.525 0.742 0.217 
Starch 1500 59.5 5.636 177.4 1.237 0.537 0.709 0.172 
/' 
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Table 6.4 The Effect of Binder Type on the Consolidation of Dicalcium 
Phosphate 
Binder Relative KM x 103 Py AM Do DA DB 
Humidity (MPa- l ) (MPa) 
" 
Sucrose 22.5 4.266 234.5 1.222 0.623 0.705 0.082 
PVP 22.5 '0.583 218.Z 1. 128 0.489 0.676 0.187 
HPMC 22.5 4.649 215.1 1. 201 0.526 0.699 0.173 
Starch 1500 22.5 '0.441 226.6 1.099 0.'099 0.666 0.167 
Sucrose 59.5 4.281 233.5 1.253 0.627 0.714 0.087 
PVP 59.5 '-1-.644 215.3 1.194 0.489 0.697 0.208 
HPMC 59.5 '0.665 214.8 1.227 0.526 0.710 0.184 
Starch 1500 59.5 4 .... 76 223.4 1.133 0.499 0.678 0.179 
Comparison of the initial bed density Do for the granulates and for 
the substrates alone (Tables 6.1 and 6.2) demonstrated the greater 
inter-granular porosity of granules prepared using a binder. This was 
most marked with the polymeric binders. Granules prepared with 
sucrose, being weak and friable, exhibited lower porosities although 
still greater than for granules prepared in the absence of binder. 
Granulation with a binder resulted in lower mean yield pressures (P v ) 
than that of the base substrate alone. 
With the exception of sucrose granulates, the rank order for ease of 
densification was reflected both by the rank order of decrease in Pv 
and in the rank order of increase in the intercept AM' The term AH is 
a constant of the Heckel treatment of consolidation data and does not 
represent any fundamental material property. However an increase in 
the constant AM (and hence DA ) in this work was generally indicative 
of greater granule rearrangement and granule deformation in the curved 
region of the Heckel plot. The consolidation parameters DA and Do 
taken in isolation appeared to be of little value in interpretation of 
compressibility. The derived function De, however. proved to be 
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discriminatory of the influence of binders on gr&nule deformation! 
rearrangement in the curved portion of the Heckel plot. These results 
suggest that the influence of the binder on compression properties is 
mediated via two mechanisms: 
- crushing or plastiC deformation of the original granules, 
determined by binder-mediated granule strength 
- further reduction of void volume within granules by 
rearrangement of individual particles and binder 
extrusion, determined by the bulk plasticity of the 
binder-substrate matrix 
The etrect of granulation was also investigated after equilibrating 
the granulates at 59.5% RH in order to assess the effects of moisture 
sorption on binder dependent compression properties. Comparison with 
corresponding plots at 22.5% RH show that densification at the higher 
humidity was signiiicantly greater for granules prepared with 
polymeric binoers but not for those prepared with sucrose. Moisture 
scrption on the substrates alone was not responsible for the greater 
densification (section 6.3.1.1) consequently the greater densification 
represents the ability of sorbed moisture to plasticize hydrophilic 
polymeric binders. Similar effects would not be expected with 
crystalline sucrose unless the moisture tension was sufficiently high 
enough to cause dissolution at crystal surfaces. 
Compression parameters for Heckel plots obtained at the higher 
humidity are included in Tables 6.3 and 6.4. At the higher relative 
humidity the initial bed density Do (determined under a pre-load of 
1 MPaJ was observed to be slightly higher for granulates containing 
polymeric binders. Since granule morphology would be unaltered at the 
higher humidity changes in packing density would not be expected. The 
increase 
De values 
determined 
advantage 
in Do 
at the 
from 
that 
represented incrEased granule ductility at low load. 
higher humidity were consequently calculated using Do 
granules equilibrated at 22.5% RH. This had the 
any densification occuring during application of 
pre-load was included in the term De. Increased DB values recorded at 
the higher relative humidity therefore were an accurate reflection of 
increased densification during the curved portion of the Heckel plot. 
Compression parameters recorded for the higher relative humidity 
reflect increased binder plasticity for the polymeric binders and the 
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ability to confer increased plasticity to the binder-substrate matrix. 
Yield pressures determined at the higher humidity were correspondingly 
lower. 
The interpretation of the effect of moisture sorption on the 
properties granulates containing different poiymeric binders is 
complicated by different binder affinities for water (Chapter three, 
Fig. ~.4). However, from the equilibrium moisture upake curves it can 
be seen that by comparing PVP and Starch 1500 granulates equilibrated 
at :2.5% RH with HPMC granulates equilibrated at 59.5% RH a comparison 
ca~ be made under condi~ions of similar moisture content in the 
binders. Examination of the reievant Heckel parameters show that 
under conditions of similar mois~ure content HPMC clearly confers 
greater granule piasticity than PVP or Starch 1500. Greater 
densification seen in PVP granulates equilibrated at 59.5% RH is 2 
consequence of the higher affinity of PVP for sorbed moisture and the 
consequent increase in binder plasticity. Similar results were 
reported by Cutt (1983). 
Chowan and Chow (1981a and 1981b) also studied the compression 
behaviour of granula~ions made with different binders. Whilst the 
technique used here" is not strictly comparable with their method (they 
used post-ejection compact dimensions to calculate relative densities 
used in the derivation of the Heckel plots) some comparisons can be 
made. In contrast with the earlier study, Heckel plots obtained in 
the present work did not show a biphasic linearity. Chowan and Chow 
(1981a and 1981b) observed that non-linearity of their Heckel plots 
ceased at relatively low compaction pressures «50MPa) and a break in 
the linear portion of the Heckel plots occurred at a pressure range of 
120MPa to 190MPa. They attributed this to the incompressibility of 
free moisture within the granulates at high compaction pressures. The 
second linear phase reported by Chowan and Chow (1981a and 1981b) 
corresponds closely with the pressure range for linearity observed in 
the present work. The initial linear phase reported by these workers 
torms part of the curved phase of Heckel plots reported here and as 
such has been interpreted as indicative of rearrangement and granule 
failure rather than plastic flow. Differences may be related to the 
rneLhod of deriving the relative density of the compact and also to the 
loss of resolution when preparing Heckel plots from a limited number 
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of points rather than from the continuous plot achieved using computer 
logging. Despite differences in the torms of the Heckel plots, 
general conclusions for the rank correlation of the binders with 
respect to densification are similar. Both the present work and the 
earliE~ studies indicate ease of densification for sucrose granulates 
under low compaction pressures. Further, both studies suggest that, at 
higher moisture contents, PVP-containing granules are more 
compressible than granules containing other binders. 
6.3.1.3 The Effect of Binder Plasticization 
On Granuie Consolidation 
The effect ef binder plasticization on the consolidation of 
binder-massed granules. equilibrated at 22.5% RH and 59.5% RH, is 
shown in Figs. 6.8 to 6.10 for paracetamol and 6.11 to 6.13 for 
cicaicium phosphate. For both substrates. increased plasticizer 
content in the polymeric binder resulted in increased densification of 
the compressed granules. For granules equilibrated at the higher 
relative humidity, there was a further increase in densification due 
to the concerted activity of sorbed moisture and plasticizer. 
Heckel parameters derived for the above plots are given in Table 6.5 
fer paracetamol granulates and Table 6.6 for dicalcium phosphate 
granulates. Irrespective of the polymeric binder used, increased 
binder plasticity at low pressure was reflected by an increase in the 
intercept AH and an increased degree of densification occuring in the 
rearrangement phase De. An increase in plasticizer- mediated binder 
ductility was accompanied by an incrEase in the initial granule bed 
density under the 1MPa pre-Ioad, indicative of granule deformation at 
very low load. Particle size analysis and bulk density determinations 
(Chapter three) indicated that this was not due to any influence of 
plasticizer content on granule morphology or packing. De values 
recorded in the tables were therefore calculated using Do for the 
unplasticized binder. Increasing Ds values with increased plasticizer 
content consequently reflect the total influence of binder plasticity 
on densification during the intial curved portion of the Heckel plot. 
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Figure 6.8 The Effect of Plasticizer Concentration on the 
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Figure 6.9 The Effect of Plasticizer Concentration on the 
Consolidation of HPMC-Massed Paracetamol 
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Figure 6.10 The Effect of Plasticizer Concentration on the 
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Figure 6.11 
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Figure 6.12 The Effect of Plasticizer Concentration on the 
Consolidation of HPMC-Massed Dicalcium Phosphate 
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Figure 6.13 The Effect of Plasticizer Concentration on the 
Consolidation of Starch 1500-Hassed Dicalcium Phosphate 
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Table 6.5 The Effect of Plasticizer Concentration on the Conso I idation of 
Paracetamol 
Binder Plasticizer kM x 10 3 Pv AH DD DA DB 
Level % (l"lPa- 1 ) (MPaJ 
22.5% RH 
PVP 0 5.618 178.0 1.199 0.515 0.698 0.183 
+ PEG 200 ~ 5.552 180.1 1. 216 0.515 0.703 ~' 0.188 
+ FEG 200 10 5.747 174.0 1. 213 0.515 0.702 0.187 
+ PEG 200 , = • ..! 5.903 169.4 1.246 0.515 0.712 0.197 
i-lPMC 0 5.638 177.3 1.239 0.525 0.710 0.185 
+ PEG 200 10 5.691 175.7 1.246 0.525 0.712 0.187 
+ PEG 200 20 5.807 172.2 1.384 0.525 0.749 0.224 
+ PEG 200 30 5.979 167.2 1.421 0.525 0.758 0.233 
Starch 1500 0 5.534 180.7 1.220 0.537 0.704 0.167 
+ Giycerol 10 5.571 179.5 1.260 0.537 0.716 0.179 
+ Glycerol 20 5.665 176.5 1.272 0.537 0.719 0.182 
+ Glycerol 30 5.773 173.2 1. 310 0.537 0.753 0.198 
59.5% RH 
PVP 0 5.925 168.9 1.298 0.515 0.726 0.211 
+ PEG 200 5 6.093 164.1 1.398 0.515 0.753 0.238 
+ PEG 200 10 6.493 154.0 1.523 0.515 0.782 0.267 
+ PEG 200 15 6.313 158.4 1. 692 0.515 0.816 0.301 
HPMC 0 5.735 173.8 1.356 0.525 0.742 
0.217 
+ PEG 200 10 5.927 168.7 1.435 0.525 0.762 
0.237 
+ PEG 200 20 6.361 157.2 1.604 0.525 0.799 
0.274 
+ PEG 200 30 6.127 163.2 1.737 0.525 0.824 
0.299 
Starch 1500 0 5.636 177.4 1.237 0.537 0.709 
0.172 
+ Glycerol 10 5.763 173.5 1.294 0.537 0.726 
0.189 
+ Glycerol 20 6.042 165.S 1.394 0.537 0.752 
0.215 
+ Glycerol 30 6.064 164.9 1.584 0.537 0.795 
0.258 
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Tsb:e S.7 -:-he Effect of P I as ti ci ze.[- Concentration [in U-,e C,)nsol idation of 
Dicalcium PhoSEhate (22.5% RH) 
Binder Plasticizer KH x 103 P. AH Do DA DB 
Level % (MPa- 1 ) (MPa) 
22.5% RH 
PVP 0 4.583 218.2 1.128 0.489 0.676 0.187 
+ PEG 200 5 4.737 211.1 1.143 0.489 0.681 0.192 
+ PEG 200 10 4.770 209.6 1. 152 0.489 0.604 0.195 
+ PEG 200 15 4.793 208.8 1.165 0.489 0.688 0.199 
HPMC 0 4.649 215.1 1. 201 0.526 0.699 0.173 
+ PEG 200 10 4.664 214.4 1.200 0.526 0.698 0.172 
+ PEG 200 20 4.803 208.2 1.207 0.526 0.700 0.174 
+ PEG 200 30 4.805 208.1 1. 231 0.526 0.708 0.182 
Starch 15C'(: Cl 4.441 226.6 1.099 0.499 0.666 0.167 
+ Glycerol Lj 4.52.2 221. 1 1.098 0.499 0.666 0.167 
+ Glyceroi 20 4.694 213.0 1.106 0.499 0.669 0.170 
+ Glycerol 30 4.703 212.6 1. 151 0.499 0.683 0.184 
59.5% RH 
PVP 0 4.644 215.3 1.194 0.489 0.696 0.207 
+ PEG 200 5 4.782 209.1 1.234 0.489 0.708 0.219 
+ PEG 200 10 5.151 194.1 1.294 0.489 0.726 0.237 
+ FEG 2(;0 < t: 5.202 192.2 1.362 0.489 0.744 0.255 J...> 
HPMC (; 4.665 214.5 1.237 0.526 0.710 
0.184 
+ PEG 200 10 4.826 207.2 1.294 0.526 0.726 
0.200 
+ P:C:G 200 20 5.257 190.2 1.386 0.526 
0.750 0.224 
+ PEG 200 30 5.178 193.1 1.491 0.526 0.775 
0.249 
Starch 1500 0 4.476 223.4 1. 133 0.499 0.678 
0.179 
+ Glycerol 10 4.564 219.1 1. 190 0.499 0.696 
0.197 
+ Glycerol 20 4.909 203.7 1.269 0.499 0.719 
0.220 
+ Glycerol 30 5.083 196.7 1.324 0.499 
0.734 0.235 
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Increasing the concentration of plasticizer in the polymeric binders 
generally resulted in an increased slope for the linear part of the 
Heckel plot corresponding to lower mean yield pressure PI' However, 
for granules equilibrated at 59.5% RH there appeared to be a limiting 
plasticizer level above which the yield pressure did not decrease or 
even increased. The latter behaviour resulted from the higher degree 
of densification occuring at lower pressures with highly plasticized 
binders. The reduced porosity of the compact consequently restricted 
further reduction in yield pressure. 
Shifts to greater relative densities at equivalent compressive 
pressures have been reported by other workers in response to an 
increase in the binder content in the wet-massed granules (Nelson et 
al.. 1957; Kurup and Pilpel, 1978; Cutt, 1983). The reverse trend was 
reported. however, by Esezobo and PUpel (1977a) who suggested that 
binder-induced granule rigidity opposed consolidation. These 
observation suggest that the influence of a binder on the 
densification of a compressed granule mass is determined by three 
factors: 
- the plasticity of the binder 
- the relative proportion of the compact which can deform 
plastically (or binder level) 
- the initial strength of the granules 
Binder level was maintained at a constant level in the present 
studies, thus eliminating the second factor above as a variable. 
Increased densification due to the inclusion of a plasticizer, 
therefore, reflects binder piasticity and granule strength. The 
increased densification observed at low pressures results from granule 
weakening as a consequence of binder film weakening. This is 
consistent with a reduction in the tensile strength of cast binder 
films on plasticization (Chapter three). Increased densification at 
higher pressures reflects the ease of deformation of plasticized 
binders. The deformability of the substrate materials themselves 
(paracetamol 
specifically. 
or dicalcium phosphate) would not be 
However, the increased ductility of the plastic 
altered 
binder 
would facilitate easier consolidation of substrate particles within 
the binder-substrate matrix and greater plastic extrusion of binder 
into void spaces. 
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6.3.1.4 The Effect of a Low Efficiency Plasticizer 
Figure 6.14 shows the densification characteristics of paracetamol and 
dicalcium phoshate granulates containing HP MC as the binder and either 
20% PEG 200 or 20% PEG 600 as plasticizer. 
Figure 6.14 The Effect of a Low Efficiency Plasticizer on 
Heckei Parameters (22.5% RH) 
a. Paracetamol 
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For both substrates, greater densificatlon occured when PEG 200 was 
utilised as the plastici=er. PEG 600 exhibits lower comp~tibijity 
and efficiency than PEG 200 when used as a plasticizer tor HPMC. The 
reduced densification observed using PEG 600 supports the contention 
that the plasticizer-mediated increase in densification was due 
specifically to increased binder plasticity. 
The Heckel parameters shown in Table 6.7 indicated that the lower 
densification observed with PEG 600 was a consequence of two factors. 
Firstly, increased resistance to rearrangement and crushing at low 
pressures (lower De) 
mean yield pressure). 
and secondly. a lower bulk plasticity (higher 
This corresponds with the higher tensile 
strength and lower ductility of PEG 600 plasticized HPMC films 
(confering graler granule strength) compared with PEG 200 plasticized 
Hrf1C films. 
TablE 6.7 ThE Effect of Plasticizer Type on Heckel Farameters (22.5 %RHl 
Einder Plasticizer KH x 103 Pv AH Do DA De 
(MPa- 1 ) (MPa) 
Paracetamol 
HPr-;C PEG 200 5.807 172.2 1.384 0.525 0.749 0.224 
PEG 600 5.497 181. 9 1.290 0.520 0.725 0.205 
Dicalcium phosphate 
HPr-1C PEG 200 4.8G3 208.2 1.207 0.526 0.700 0.174 
PEG 600 4.595 217.6 1.177 0.522 0.692 0.170 
6.3.2 Time-Dependent Densification 
6.3.2.1 Time-Dependent Densification of the Substrates 
The densification of dicalcium phosphate used "as received" has been 
shown by several stUdies to be independent of time (Rees and Rue, 
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E;78; eel i1.:. 1983: Roberts and Rowe, 1985). characteristic of B 
material consolidating by brittle fragmention. Evidence for the 
deformation mode of paracetamol is conflicting (Doelker and Shotton, 
19(7) suggesting that there is a degree of plastic flow and some 
brittle behaviour (Humbert-Droz et al., 1983). The ability of 
paracetamol to undergo considerable elastic strain does not seem to be 
in doubt. Roberts and Rowe (1985) concluded that mixed behaviour was 
probably the case for paracetamol. Since previous studies have 
utilised ungranulated material it was relevant for the present study 
to examine the influence of wet-massing on the potential for 
time-dependent deformation in dicalcium phosphate and paracetamol 
granulates. 
Heckel plots were de~ermined for dicalcium phosphate and paracetamol 
granulates at a slo~ loading rate of 50kN min- I effectively increasing 
:he total contact time to achieve peak pressure by a factor of ten 
over the originai loading rate of 500kl~ min- 1 • Resultant Heckel plots 
were ccincioent with the original plots obtained at 500kN min- 1 and 
,;hown previously in Figs. 6.4 and 6.5. Derived constants for 
consolidation under different loading rates were reported for 
comparison in Tables 6.1 and 6.2. 
The time-independent nature of consolidation of a dicalcium phosphate 
granulate, prepared by wet-maSSing with water alone, was confirmed by 
t~e coincidence of Heckel piots determined at the two different 
loading rates. Constants derived from the respective plots (Table 
6.2) sho~ed little difference either in the extent of rearrangement 
(DB) or in the yield pressure Py • In the case of paracetamol 
compression at the slower loading rate resulted in a very small 
decrease in yield pressure which was not significant in terms of the 
Heckel plot. 
One feature of the Mayes press operated in load control. was that it 
~as possible to maintain a constant stress on the test granulate. 
Using this feature, paracetamol and dicalcium phosphate granulates. 
compressed at a loading rate of 500kN min- 1, were subjected to a 10 
second holding time while maintaining a constant peak upper punch 
pressure (380MPa). During this period, the displacement of the upper 
punch was monitored to determine whether any fUrther densification 
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occured. Neither substrate was observed to undergo further 
denslfication under constant stress conditions, however. These 
observations are similar to those of Cellk (1984) who observed that 
the materials Pa~acetamol DC (a direct compression form of 
paracetamol) and Emcompress (a direct compression form of dicalcium 
phosphate) did not exhibit further densification during prolonged 
compression at constant stress. These results and the limited 
dependence of Pv on loading rate suggests that fragmentation is the 
predominant mode of deformation for granulated paracetamol and 
dicalcium phosphate. 
6.~.~.2 The Effect of Binder and Binder Plasticity on 
Time-Dependent Densification 
The reduction in the mean yield pressure resulting from the inclusion 
of a binding agent suggested that the presence of binder induced 
plasticity in the granulates. The degree of densiiication in a 
plastic granular mass should, therefore, be influenced by the duration 
WI compression and holding time under constant stress. In order to 
test this, 
unpJasticized 
Heckel plots were constructed for plasticized and 
HPMC-massed paracetamol and dicalcium phosphate 
granulates at a slow loading rate of 50kN min- I • A comparison of the 
resultant Heckel plots with those obtained at 500kN min- I loading rate 
is shown in Figs. 6.15 and 6.16 Derived constants for consolidation 
under the two different loading rates are given in Tables 6.B and 6.9. 
In contrast with the granules prepared without a binder. the 
binder-massed granules exhibited time-dependent consolidation. 
Granules compressed at the slower loading rate achieved greater 
relative density at equivalent pressures compared with the higher 
loading rate. This phenomena was observed with both substrates. The 
extent of time-dependent densification was greater for those granules 
conditioned by equilibration at 59.5% RH compared with those 
conditioned at 22.5% RH and also fdr those granules with plasticized 
tinder. Examination of the Heckel plots given in Figs. 6.15 and 6.16 
showed a feature that was absent for plots of the substrates 
granulated in the absence of a binder. 
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Tabie 6.S Effect of Loading Rate on Hed~e I Param~ter·s for the 
Consolidation of HP11C-mas sed Para.cetamo 1 Granu I a.tes 
Relative Loading KH x 10~ Pv AH Do DA De 
Humidity Rate 
% (kN min- I ) (MPa- I) (MPa) 
22..5 500 5.635 177.3 1.239 0.525 0.710 0.185 
SO 5.721 174.8 1.297 0.525 0.726 0.201 
\ + 30% PEG 500 5.979 167.2 1.421 0.525 0.758 0.233 
200) :,0 6.464 154.7 1.482 0.525 0.773 0.248 
59.5 500 5.735 173.8 1.356 0.525 0.742 0.217 
50 5.977 167.3 1. 397 0.525 0.752 0.227 
Table 6.9 Effect of Loading Rate on Heckel Parameters for the 
Consol idation of HPMC-massed Dicalcium Phosehate Gra.nu 1 a tes 
Relative Loading KH x 103 Pv AH Do D. DB 
Humidity Rate 
% (kN m i n- I ) (MPa- I ) (MPa) 
22.5 500 4.649 215.1 1. 201 0.526 0.699 0.173 
50 4.686 213.4 1. 214 0.526 0.703 0.177 
( + 30% PEG 500 4.805 208.1 1.231 0.526 0.708 0.182 
200) 50 5.178 193.1 1.456 0.526 0.767 0.241 
59.5 500 4.665 214.8 1.237 0.526 0.710 0.184 
50 4.760 210.0 1.432 0.526 0.761 0.235 
This was an increase in densification without further increase in 
compaction pressure during a 10 second holding time for granules 
compressed at a loading rate of 500kN min- 1 • This appeared as the 
vertical portion of the Heckel plots. The consolidation observed 
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during const&.nt. stress condl tions must be due to time-dependent 
plastic or viscoelastic flow. 
Comparison of the Heckel parameters derived for the two different 
loading rates indicated that increased densitication resulted both 
from increased consolidation at lower pressures and decreased yield 
pressure. The induction of time-dependent densification supports the 
premise that the presence of a plastic binder induces plasticity 
within a non-plastic substrate material. However, similar behaviour 
could also be attributed to retarded elastic deformation which, unlike 
plastic deformation, is recoverable with time. 
These observations are similar to those of Rees and Rue (1878a) who 
obtained divergent Heckel plots for Elcema and Sta-Rx when these 
material were held for different dwell times. Emcompress tablets did 
not exhibit this behaviour. Celik (1904) observed that materials known 
to deform plastically, e.g. Starch 1500 and Avicel PH-lOl densified to 
a greater extent at slower compression rates. Roberts and Rowe (1885, 
l:::!bb) , using a compaction simUlator, studied the effect of punch 
velocity on the compaction of a variety of materials. For materials 
known to deform plastically, e. g. maize starch and polymeric 
materials, there was an increase in yield pressure with punch 
velocity. This they attributed to either a change from ductile to 
brittle behaviour or to a decrease in the amount of plastic 
deformation due to the time dependent nature of plastic flow. For 
materials known to consolidate by fragmentation, e.g. magnesium and 
calcium carbonate, there was no increase in yield pressure with 
increasing punch velocity. They proposed a strain rate sensitivity 
(SRS) index defined as: 
SRS = Pv 2 - Pv 1 X 100 (6. 1 ) 
PV2 
where PV1 was the measured yield pressure at an upper punch strain 
rate of 0.033mm S-I and PV2 was the measured yield pressure at an 
upper punch strain rate of 300mm S-I. Plastically deforming materials 
exhibited higher values for SRS than brittle fragmentory materials. 
Analogous values for loading rate sensitivity (LRS), substituting 
yield pressures obtained at 50kN min- ' and 500kN min- I for P'I and 
PV2 respectively, are given in Table 6.10 for a number of 
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granulatlons examined In the presen~ work. It can be seen from this 
data that the substrates granulated in the absence of binder exhibit 
negligable loading rate sensitivity. 
Table 6.10 Loading Rate Sensitivity (LRS) of Paracetamol and Dicalcium 
Phosphate granulates 
Granulate 
Paracetamol 
no binder 
HPMC-massed 
HPt1C-massed 
+ 30% PEG 200 
0icalcium Phospha~e 
no binder 
H?riC-massed 
HPMC-massed 
+ 30% PEG 200 
Relative 
Humidity % 
22.5 
22.5 
59.5 
22.5 
22.S 
22.5 
59.5 
22.5 
Loading Rate Sensitivity 
(defined in Section 6.3.3.2) 
O.B 
1.4 
3.7 
7.5 
0.5 
0.8 
2.2 
7.2 
The presence of a polymeric binder and, more significantly, the 
increase in binder plasticity either by plasticization or moisture 
sorption greatly increases loading rate sensitivity. This is in 
agreement with the observations of Roberts and Rowe (1985,1986). More 
recently Danjo et al., (1989) concluded, on the basis of slow, 
single-sided compression studies using a simple hydraulic press, that 
Heckel plots were independent of die fill, die diameter and punch 
speed. They only evaluated one material however WHab, a direct 
compression dicalcium phosphate) at punch strain rates of 5.4mm S-I to 
41.8mm S-I The general validity of their conclusions, particularly 
with respect to the influence of punch speed on the form of Heckel 
plots for plastic materials, must be questioned. 
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6.3.3 Stress-Relaxation Studies 
Stress-relaxation studies on the granulates. prepared and conditioned 
as described previously in section 5.3, were carried out using the 
Mayes press in ram-control mode. This was in contrast to the 
load-control mode used for the Heckel studies. The reason for this 
difference of approach was that ram-control enabled constant strain 
conditions to be maintained (via a servo feedback loop). This is a 
prereqUisite for meaningful stress-relaxation data to be generated. 
Many previous studies of stress-relaxation have employed hand operated 
presses. simple hydraulic presses or commercial tablet presses. Lack 
of mechanical stiffness or the presence of overload springs results in 
considerable difficulty in assuring constant strain when using such 
equipment. This problem has been reiterated by Armstrong (1989). 
l~ the present work. compressions (not less than three replicates in 
each case) were performed to peak upper punch pressures of either 
150M?a er 250MPa. Huckle (1985) indicated the importance of employing 
a range of strain fates when comparing the stress-relaxation of 
different materials. Consequently, strain rates of 1000mm min- 1 and 
100mm min- 1 were used to investigate the effect of loading time on 
relaxation. Data (pairs of stress-time co-ordinates at 0.1 second 
intervals) were captured and digitised using the BBC microcomputer 
interfaced to the Mayes press. Data logging was initiated as soon as 
the first stress above lMPa was detected. Immediately that the 
required peak stress was attained, the ram of the Mayes press was 
automatically halted and a constant strain maintained whilst recording 
any decay in axial stress. The time from first stress detection to 
peak stress was observed to fall between 0.2 and 0.3 seconds at a 
strain rate of 1000mm min- 1 and 2.8 to 3.5 seconds at a strain rate of 
100mm m i n- 1 • 
Initial tests carried out without any granule in the die showed that 
relaxation of the test rig alone was small but finite. Consequently 
stress-relaxation profiles for the granulates were corrected to yield 
the relaxation of the granulate alone as a function of time. Data 
obtained for the granulates used in this study indicated that 
stress-relaxation was incomplete after 100 seconds. Preliminary 
investigations showed that the relaxation phenomena recorded could not 
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be adequately represented by the Maxwell model as employed by David 
and Augsburger (1977). This was not unexpected in view of the stress 
distribution and density anomalies which occur during the compaction 
of a granular material. The application of the Maxwell model assumes 
that the plastic flow facilitating stress-relaxation is analogous to 
the finite flow of a single Newtonian fluid in a dashpot. It seems 
highly unlikely that the plasticity of a heterogeneous system, such as 
a granulate, could be characterised in terms a single parameter. 
Stress relaxation in the bulk solid, at intergranular interfaces, or 
within any binder 
viscosities. 
may all exhibit different c ha r act e r i s ti c 
in the present wor~ stress-relaxation data was presented as the 
percentage residual axial stress plotted against log time. A semi-log 
representation facilitated expansion of the early time relaxation and 
aliowec visual comparison of material properties immediately after 
naiting compression. Stress relaxation was also characterised in 
terms ef the stress decay after 100 seconds at constant strain 
expressed as a percentage of the maximum applied upper punch stress. 
6.3.3.1 Stress-Relaxation of the Tablet Substrates 
The predominant deformations under compressive stress for paracetamol 
and dicalcium phosphate have been reported as elasticity and brittle 
failure respecti ve I y. Idea lly both types of deformation are 
independant of time although elastic strain is recoverable unlike 
brittle failure. Heckel plots determined at two different loading 
rates (section 6.3.2) supported the general model of time-independent 
deformation both for paracetamol and dicalcium phosphate granulates 
prepared by wet-massed granulation in the absence of a binder. The 
stress-relaxation behaviour reported in Tables 6.11 and 6.12 and 
illustrated by Figs. 6.17 and 6.18 indicated, however, that simple 
wet-massed granulates of both materials exhibited some plastic 
def orma tion. For both substrates, visual examination of the 
stress-relaxation plots suggested that the relaxation phenomena was 
essentially biphasic. The initial relaxation phase, which contributed 
the greater part of the total relaxation, was rapid and complete by 
about 3 seconds. This was followed by a much slower, protracted 
relaxation which was not compieted arter 100 seconds. 
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Table 6.11 Stress-Relaxation ot Paracetamol Granulates 
S"train Rate (mm min- I) 
FEak Compact ion 
Pressure (MPa) 
22.5% RH 
+ 1.03% PEG 200 
59.:% RH 
+ 1.03% PEG :::00 
1000 
150 250 
100 
150 
Percentage Stress Decay at Constant Strain 
8.9 5.3 1.5 
8.3 
8.8 
7.9 
Table 6.12 S"tress-Relaxation of Dicalcium Phosphate Granulates 
Strain Rate (mm min- I) 
Peak Compaction 
Pressure (MPa) 
22.5% RH 
+ 1.03% PEG 200 
59.5% RH 
+ 1.03% PEG 200 
1000 
150 250 
100 
150 
Percentage Stress Decay at Constant Strain 
11. 2 8.9 2.2 
10.5 
12.0 
11. 3 
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Figur-e 6.17 Str-ess-Reiaxation of Paracetamol Granulates 
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Comparison of Figs. S.17 and 6.18 suggested that the initial 
relaxation rate for dicalcium phosphate was greater than 
paracetamol while at longer times, the converse was true. 
that for 
Hiestand et al., (1977) noted that brittle materials exhibit a slower 
and reduced total relaxation compared with plastic materials. The 
initial relaxation rate for paracetamol was slower than for the 
brittle dicaicium phosphate and the magnitude of relaxation was less 
after 100 seconds. The slow and limited ability to deform piastically 
contributes to the tabletting problems encountered with paracetamol. 
Under idenLical test conditions (150MPa peak stress and 1000mm min- I 
sLrain rate) the extent of stress-relaxation was not significantly 
affected by increasing the conditioning humidity from 22.5% RH to 
RH. This reflected the low afinity for moisture exhibited by 
paracetamol and dicalcium phosphate. In contrast, incorporation of 
1.02% w/w PEG 200 into the granule resulted in a small but consistent 
decrease in sLress-reiaxation. Rees and Rue (1978) observed that the 
presence of a lubricant (magnesium stearate) decreased the 
sLress-reiaxation of some excipients. In the present work, it seems 
that PEG 200 also acted as a lubricant, reducing localised high stress 
concentrations from which relaxation would tend to occur. 
Increasing the peak compaction pressure from 150MPa to 250MPa resulted 
in an apparent decrease in the rate and extent of stress-relaxatiqn of 
paracetamol and dicalcium phosphate. After 100 seconds, the 
percentage stress-relaxation of the former was reduced from 8.9% 
(13.3MPa) :0 5.3% (13.2MPa) while that of Lhe latter was reduced 
fromll.2% (IS.7MPa) to 8.9% (22.3MPa). The actual stress dissipated 
(in MPa) during the constant sLrain period was, however, unchanged for 
paracetamol and actually increased for dicalcium phosphate. The 
differences observed between the relative (percentage) and absolute 
stress dissipated indicates that stress-relaxation data must be 
ev&lu&ted with some caution. Cook and Summers (1986) also observed 
that the relaxation characteristics of some compressed single and 
multicomponent systems varied with the maximum upper punch pressure 
applied. They observed that the relaxation of mixture was more complex 
than an additive function of the of the properties of the individual 
components. Compression to a higher initial peak stress will increase 
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densification and reduce the void space available for further plastic 
deformation within the confines of the die. The higher initial stress 
may, however, facilitate greater plastic deformation where this is not 
grossly restricted by excessive confinement. 
Reducing Lhe loading strain rate from 1000mm min- ' to 100mm min- ' 
reduced the stress-relaxation of paracetamol and dicalcium phosphate 
granulates both as a percentage of the peak stress (150MPa) and in 
terms of the actual stress dissipated. For both substrates, residual 
plasticity was almost eliminated. The reduction in stress-relaxation 
observed at the lower strain rate may reflect decreased voidage 
available for further plastic deformation. A further possibility is 
tha: t~e propensity for plastic deformation was dissipated during the 
longer loading phase of compression. The latter factor was probably 
mOSI significant since the duration of loading at the slower strain 
rate was very similar to the duration of the initial rapid 
s~re55-relaX2Lion phase noted above. 
6.3.3.2 The Effect of Granulation with a Binder on Stress-
Relaxation 
Tabies 6.13 and 6.14 show the stress-relaxation characteristics of 
paracetamol and dicalcium phoshate granulates manufactured by 
wet-massing with a binder. The data was calculated as the mean 
percentage stress aecay after lOOs holding time at constant strain. 
Granules were conditioned prior to testing by equilibration at either 
22.5% RH or 59.5% RH and were compressed at a strain rate of 
1000mm min-
' 
to a peak compaction pressure of either 150MPa or 250MPa. 
Testing on granules equilibrated at 22.5% RH was also repeated at the 
lower strain rate of 100mm/min to investigate the influence of 
deformation during loading on the stress-relaxation. Representative 
stress-relaxation curves for the binder-massed granulates are shown in 
Figures 6.19 and 6.20 for paracetamol and dicalcium phosphate 
respectively. 
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Table 8.13 Effect of Binder Tvpe on the Stress-Relaxation of 
Paracetamol Granulates 
Strain Rate (mm min- 1) 1000 
Peak Compaction Pressure (MPa) 150 250 
100 
150 
22.5% RH Percentage Stress Decay at Constant Strain 
No Binder 
Sucrose 
PVP 
HPMC 
Starch 1500 
5S.5% RH 
No Binder 
Sucrose 
PVP 
HPMC 
Starch 1500 
8.9 5.3 
12.2 9.1 
14.5 11. 8 
16.5 12.6 
15.6 12.5 
8.8 
14.4 
20.0 
18.8 
17.5 
Table 6.14 Effect of Binder Tvpe on the Stress-Relaxation of 
Dicalcium Phosphate Granulates 
Strain Rate (mm min- 1 ) 1000 
Peak Compact ion Pressure (MPa) 150 250 
0.5 
1.6 
2.4 
3.0 
2.9 
100 
150 
2:.5% RH Percentage Stress Decay at Constant Strain 
l~o Binder 
Sucrose 
PVP 
HPMC 
Starch 1500 
59.5% RH 
No Binder 
Sucrose 
PVP 
HPMC 
Starch 1500 
11. 2 8.9 2.2 
11. 9 8.9 2.1 
12.0 9.5 3.3 
14.0 10.4 3.2 
13.7 10.3 5.2 
12.0 
12.6 
16.7 
16.3 
15.8 
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Figure 6.19 Effect of Binder Tvpe on the Stress-Relaxation of 
Paracetamol 
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The presence of a binder, irrespective of type, resulted in a greater 
stress-relaxation than observed for the substrates alone (section 
6.3.1.2). Earlier studies (section 6.3.1.1) demonstrated that at low 
compaction pressures, granules (of paracetamol or dicalcium phosphate) 
prepared without a binder densified readily. The presence of a 
binder. however, resulted in greater granular integrity and initial 
resistance to consolidation. At a compaction pressure of 150MPa, the 
increase in stress-relaxation due to the presence of a binding agent 
might reflect a greater proportion of void spaces to accommodate 
further plastic flow. Stress relaxation studies were therefore 
repeated at 250MPa peak compaction pressure where granules prepared 
with a binding agent exhibited greater densification. Comparison of 
the results (Tables 6.13 and 6.1~i with those for the substrates alone 
(Tables 6.11 and 6.12) confirmed that the binder induced plasticity 
was real and not simply a voidage effect. The percentage 
stress-relaxation observed at 250MPa was. however. lower than observed 
at 150MPa. 
The rate and extent or stress-relaxation was depenaent on the binder 
type and on the conditioning humidity. For granules conditioned at 
22.5% RH the rank order for stress-relaxation was: 
HPHC > Starch 1500 > PVP > sucrose 
Conditioning the granulates at 59.5% RH resulted in increases in the 
rate and extent of stress-relaxation and also a change in the rank 
order thus: 
?VP > HPMC > Starch 1500 ) sucrose 
Sucrose, a brittle crystalline material, was the least effective 
binder in terms of plasticity enhancement for both substrates. For 
granules conditioned at 22.5% RH. PVP was only marginally better, 
consistent with its brittle glassy nature when dry and unplasticized. 
The change in stress-relaxation rank order ooserved at the higher 
humidity rerlected the relative moisture arfinity or the binders and 
the ability of sorbed moisture to plasticize hydrophilic polymers. In 
an earlier section (6.3.1.2) it was noted that an increase in 
conditioning 
densification 
humidity was 
at equivalent 
associated 
compaction 
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with increased granule 
pressures. This would be 
expected to reduce propen3ity for further plastic deformation on 
account of the reduced residual voidage. The results of this section 
indicate. however, that binder dependent differences in 
stress-relaxation were not determined simply by the extent of 
consolidation. 
Stress-relaxation profiles for the binder-massed granulates (Figs. 
6.20 and 6.21) exhibited a biphasic character similar to those for 
the substrates alone. Visual inspection indicated that the initial 
relaxation rate of dicalcium phosphate granulates was greater than 
that of paracetamol granulates. In contrast, the second relaxation 
phase was slower and more limited in extent for the dicalcium 
phosphate granules than for the paracetamol granules. 
Differences in the form of the stress-relaxation profile reflected 
differences in the fundamental mechanical nature of paracetamol anc 
cicalcium phosphate. In its simplest form, stress-relaxation can be 
be modelled by the Maxwei 1 unit, i.e. a spring and dashpot in series. 
Elastic strain. stored during the loading phase of compression, 
pro"ides the driving force for any subsequent plastic deformation at 
constant strain. Differences in the nature of stress-relaxation 
observed for paracetamol and dicalcium phosphate in the present work 
can be ascribed to the mechanical characteristics of their respective 
spring and dashpot analogues. 
Reducing the loading strain rate from 1000mm min- I to lOOmm min- I 
reduced the percentage stress-relaxation of both paracetamol and 
dicalcium phosphate granulates. This was due to the greater extent of 
plastic deformation and densification occuring during the longer 
loading phase. The presence of a binder did, however, result in 
greater residual plasticity than observed for the substrates alone. 
6.3.3.3 The Effect of Binder Plasticity on 
Stress-Relaxation 
Tables 6.15 and 6.16 show the stress-relaxation characteristics of 
paracetamol and dicalcium phoshate respectively when granulated with 
plasticized binders. A peak stress of 150MPa was used in all cases. 
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Table S.15 Effect of Plasticizer Cnncentration on th~ 
Stress-Relaxation of Paracetamol Granulates 
Relative humidity 
Strain Rate \mm min- 1 ) 1000 
22.5% 
100 
59.5% 
1000 
Percentage Stress Decay at Constant Strain 
Flasticizer Level % 
PVP 0 14.5 2.9 20.0 
+ PEG 200 5 16.3 3.5 21. 0 
+ PEG 200 10 17.5 5.6 22.6 
+ PEG 200 15 21. 1 8.7 27.2 
HPMC 0 16.5 3.0 18.8 
+ PEG 200 10 22.0 5.0 25.5 
+ PEG 200 20 35.6 12.4 33.4 
+ PEG 200 30 46.1 18.4 35.8 
Starch IS00 0 15.6 2.4 17.5 
+ Glycerol 10 16.5 3.7 19.1 
+ Glycerol 20 18.5 5.3 23.3 
+ Glycerol 30 24.2 7.5 26.7 
Granules were conditioned prior to testing by equilibration at either 
22.S% RH or 59.S% RH and were compressed at a strain rate of 
1000mm m i n- 1 • Testing on granules equilibrated at RH was 
repeated a: a lower strain rate of 100mm min- I to investigate the 
influence of deformation during loading on the stress-relaxation. 
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Table 6.16 Effect of Plasticizer Concentration on the 
Stress-Relaxation of Dicalcium Phosphate Granulates 
Relative humidity 
Strain Rate (mm min- I ) 1000 
22.5% 
100 
59.5% 
1000 
Percentage Stress Decay at Constant Strain 
Plasticizer Level % 
PVP 0 12.0 3.3 16.7 
+ PEG 200 5 13.5 3.9 19.3 
+ PEG 200 10 15.8 5.8 21. 6 
+ PEG 200 15 17.5 6.5 24.8 
HPMC 0 14.0 3.2 16.3 
+ PEG ':00 10 15.1 3.8 17.2 
+ PEG ZOO 20 16.8 5.5 19.4 
+ PEG 200 30 20.5 6.4 25.4 
Starch 1500 0 13.7 5.2 15.0 
+ Gj ycero I 10 13.8 5.5 19.0 
+ Glycerol 20 16.1 6.0 20.7 
+ Glycerol 30 19.5 6.9 23.8 
Plasticization of the polymeric binders resulted in an increase in 
both the rate and magnitude of stress-relaxation under constant strain 
compared with the unplasticized binders. This was observed regardless 
of the binder type or the granule substrate. The rate and extent or 
relaxation was observed to increase with the level of plasticizer. 
These results are illustrated for granules conditioned at 22.5% R.H. 
and compressed at a strain rate of 1000mm min- 1 in Figs. 6.21 to 6.26. 
The stress-relaxation of granules conditioned at the higher relative 
humidity was generally greater that observed for the lower humidity. 
This reflected the additional plasticizing activity of the sorbed 
moisture on the polymeric binders. An exception to this trend was 
noted in the behaviour of paracetamol granulated with plasticized 
HPMC (Table 6.15). 
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Figure 6.21 Etfect of Plastici_~er ('ol'lcentr'atio-n 
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Figure 6.25 Effect of Plasticizer Concentration on the Stress-Relaxation of 
Starch 1500-massed Paracetamol Granulates 
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At the 20% and 30% levels of plasticizer inclusion. the percentage 
stress decay after 100 seconds was lower for granules conditioned at 
59.5% RH than for those at 22.5% RH. ln the latter cases it was 
concluded that the extent of plastic deformation during compression 
and the degree of densification achieved, limited the potential for 
further stress-relaxation. Similar behaviour during the compression 
of damp polymeric binder powders has been noted by Cutt (1983). 
Granules compressed at a strain rate of 100mm min- 1 exhibited slower 
and reduced stress-relaxation compared with those compressed at 
1000mm min- 1 • All granulates compressed at the slower rate 
nevertheless had a finite capacity for stress-relaxation and this was 
increased at higher plasticizer levels both for the paracetamol 
granulates and for the dicalcium phosphate granulates. The dependence 
of the measured stress-relaxation on the initial strain rate reflected 
two interdependent ractors. Firstly, the extent of plastic 
defcrmation occuring during the loading phase of compression and 
s8condly, the residual void space available to accomodate 
stress-relaxation. Slower initial strain rates resulted in greater 
plastic deformation during compression (with concurrent 
stress-relaxation) and greater densification at the holding strain. 
Botn these factors limited the potential for further 
stress-relaxation. 
6.3.3.4 The Effect of a Low Efficiency Plasticizer on 
Stress-Relaxation 
The presence of a liquid inclusion in a granulate may act as a 
lubricant, aiding dens if i ca ti on and opposing subsequent 
stress-relaxation. The results presented in section 6.3.1.1 
suggested that PEG 200 and sorbed moisture could, in the absence of a 
binder, behave in this way. Subsequent results indicated, however. 
that in the presenc8 of a polymeric binder, moisture sorption or a 
plasticizer mediated their activity via effects on the plasticity of 
the polymer. As a further check to exclude non-specific effects on 
s~ress-relaxation, a comparison of the stress-relaxation of 
HPMC-massed granulates containing either PEG 200 or PEG 600 (the 
latter demonstrated to be an inferior plasticizer) was carried out. 
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In both ca:::es a peak compaction pressure of 150MPa was used with a 
strain rate of 1000mm min- I • 
The results shown in Table 6.17 demonstrate that for both substrates, 
the incorporation of the inferior plasticizer resulted in reduced 
stress-relaxation after 100 seconds. In the event that the 
plasticizer activity resulted from a non-specific liquid film effect, 
the observed stress-relaxation would be similar for PEG 200 and PEG 
600. The results, however, confirmed that the effect of plasticizer 
inclusion on stress-relaxation was mediated through an effect on 
binder plasticity. 
Tabie 6.17 
Substrate 
Paracetamol 
Dicalcium 
?hosphate 
Effect of Plasticizer Type on the Stress-Reiaxation of 
HPMC-Massed Granulates (22.5% RH) 
Percentage Stress Decay at Constant Strain 
PEG 200 PEG 600 
Plasticizer 
Level Cl to 
0 16.5 11.7 
10 22.0 17.9 
20 35.6 24.3 
30 46.1 31. 2 
0 14.0 12.5 
10 15.1 14.5 
20 16.8 13.2 
30 20.5 16.9 
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6.4 Elastic Strain Recovery 
Th~ ~ja5tic recovery ot compressed materials has been assessed by a 
number of methods and at various times post-compression as noted in 
section 1.2.6. In many cases, the measured response would have 
included some viscoelastic strain recovery as wel I as the ideally 
instantaneous elastic response. In the present work, axial elastic 
strain recovery (ER) was determined within the die immediately after 
decompression, using the ram displacement transducer of the Mayes 
Fress. ER was def i ned thus: 
ER = [(Ho -Hp )/Hp ] x 100% (6.2) 
where Hp was the tablet thickness at a specified maximum upper punch 
pressure PMAX , and Ho was the tablet thickness after decompression 
within the die ~fter minimal holding time. 
Percentage elastic recovery for dicalcium phosphate granulates and for 
paracetamol granulates, equilibrated at either 22.5% RH or 59.5% RH, 
was de~ermined using a loading rate of 1000mm min-
' 
and a maximum 
upper punch pressure of l50MPa. For selected granulates, the 
influence of a longer contact time on elastic recovery was 
investigated by using a slower loading rate of 100mm min-'. Release 
of the compaction load was initiated manually as soon as the maximum 
upper punch pressure had been achieved. In all cases, the dwell 
period between achieving maximum pressure and release of pressure was 
less ~han one second. Decompression occured within about lOOms and 
consequently the axial recovery of the compact (logged automatically 
as soon as compaction force had decayed to a reference of 1MPa) 
reflected elastic strain with minimal influence of viscoelasticity. 
Percentage strain recoveries determined as the mean of three runs are 
given in Table 6.18. 
Differences in the elasticity of the base substrates, dicalcum 
phosphate and paracetamol, were obvious. In the absence of binder 
elastic strain recoveries for granules conditioned at 22.5% RH were 
3.3% for dicalcium phosphate compared with 12.7% for paracetamol. The 
relative magnitude of the respective strain recoveries indicated that 
dicalcium phosphate formed relatively stiff tablets of high modulus. 
Paracetamol, in contrast, formed tablets of lower modulus. 
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Table 6.1'u:: F ercentage Post-Compression Elastic Strain Recovery 
for Paracetamol and Dicalcium Phosphate Granulates 
Dicalcum phosphate Paracetamol 
Loading 
Rate mm min- I 
Binder Plasticizer 
Level % w/w 
None 
Sucrose 
PV? 0 
+ PEG 200 5 
+ PEG 200 10 
+ PEG 200 15 
HPMC 0 
+ PEG 200 10 
+ PEG 200 20 
+ PEG 200 30 
Starch 1500 0 
+ Glycerol 10 
+ Glycerol 20 
+ Glycerol 30 
1000 
3.3 
3.4 
3.6 
3.8 
3.7 
4.0 
3.6 
3.9 
4.2 
4.1 
3.7 
4.1 
3.6 
4.0 
22.5% RH 
100 
3.3 
3.5 
3.6 
3.6 
2.9 
3.5 
3.5 
3.6 
3.0 
3.5 
3.1 
59.5% RH 
1000 
3.7 
3.5 
4.0 
3.3 
3.4 
2.9 
3.7 
3.3 
3.5 
3.4 
3.8 
3.3 
3.6 
3.3 
22.5% RH 
1000 
12.7 
11. 8 
7.5 
7.3 
7.5 
7.8 
8.3 
8.8 
9.6 
9.5 
10.6 
10.4 
8.4 
8.4 
100 
12.2 
10.3 
7.3 
7.0 
7.0 
6.5 
8.1 
8.2 
8.0 
7.3 
10.3 
9.9 
7.8 
7.4 
59.5% RH 
1000 
13.0 
10.3 
9.1 
8.8 
9.5 
9.5 
9.8 
8.5 
9.1 
9.2 
8.6 
9.3 
9.7 
9.3 
The magnitude of elastic strain recovery for paracetamol correlated 
with the poor tablettability of this material noted in Chapter five. 
Substrate dependent differences were also apparent from the elastic 
recoveries of granulates containing a binder. Generally, there was 
little difference between the binders with respect to the elastic 
recovery observed. Dicalcium phosphate granulates equilibrated at 
22.5% RH generally showed a small increase in strain recovery which 
appeared to be independent of the binder used. This probably reflected 
the lower elastic modulus of the binders compared with dicalcium 
phosphate resulting in an increased elastic strain for the 
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binder-substrate matrix. The influence of plasticizer on the extent 
of strain recovery was not consistent for any of the polymeric binders 
used, but suggested a small increase in axial recovery, consistent 
with a plasticizer mediated decrease in binder modulus. Dicalcium 
phosphate granulates formed with unplasticized binders and 
equilibrated at the higher relative humidity also showed an increase 
in elastic recovery. This may be interpreted in terms of a moisture 
mediated decrease in the elastic moduli of the binders. Granulates 
containing plasticized binders at the higher humidity exhibited a 
slight decrease in elastic recovery reflecting the enhanced ability to 
dissipate elastic strain by stress-relaxation. 
In contrast with the behaviour of dicalcium phosphate. binder 
incorporation decreased the elastic recovery of paracetamol. PVP and 
HPMC facilitated a greater decrease in elastic recovery than Starch 
1500 or sucrose. The presence of the binder either dissipated elastic 
strain by stress-relaxation during compression or reduced elastic 
strain by preferential deformation of the more plastic binder. The 
presence of increasing levels of plasticizer in the polymeric binders 
produced small and inconsistent changes in the elastic recovery. 
Increased binder plasticity in granules equilibrated at the higher 
relative humidity showed some tendency to increase elastic recovery. 
Incorporation of a plasticizer in a polymeric binder produces two 
contrasting actions with respect to the elasticity of a tablet. On 
the one hand, plasticization enhances the ability to dissipate elastic 
strain by stress-relaxation. On the other hand, however, the reduced 
binder modulus may result in a softer binder-substrate matrix which 
exhibits greater elastic strain under compression. The relatively 
small influence of binder plasticity on elastic strain recovery 
indicated that the predominant factor remained the elastic deformation 
of the base substrate. 
Compression at a lower strain rate of lOOmm min-
' 
had no significant 
influence on the elastic recovery of dicalcium phosphate or paracetmoI 
granulated in the absence of a binder. In general a decrease in 
elastic strain recovery was observed for both dicalcium phosphate and 
paracetamol granulates containing a binder. Incorporation of a 
plasticizer in the polymeric binders facilitated /a reduction in 
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elastic recovery after compression at the lower loading rate compared 
with the higher loading rate. There was no consistent trend noted 
with increasing levels of plasticizer. At slower loading rates, 
greater time is available for non-recoverable deformation of the 
plastic components of a binder-substrate matrix. The magnitude of 
elastic strain at slower compaction rates may be diminished either by 
preferential deformation of the plastic components and/or dissipation 
of elastic strain by concurrent stress-relaxation. A limiting elastic 
strain value, determined by the modulus of the binder-substrate matrix 
compressed to zero porosity might be expected, however. 
The literature contains little information on the influence of 
compaction rate on elastic strain in tablets. Celik (1984) observed 
that the elastic strain recovery of some direct compression bases 
decreased with increased holding time at constant stress. Similar 
behaviour was observed for ibuprofen (Marshall et al., 1986). In 
both cases, the duration or holding was of the order of seconds and 
thus considerably longer than the maximum compression time of even the 
slowest tablet presses. 
6.5 Plasto-Elasticity Indices 
A conderable amount or data has been amassed in the literature which 
sugggests that the physical properies of a tablet are dependent on the 
relative proportion of bonding plastic deformation loccuring durin~ 
compression) and debonding elastic deformation (occuring during 
decompression). A number of methods. reviewed in section 1.2.7 have 
been proposed to quantify the bonding ana debonding contributions. 
The Elastic Recovery Index (CeIik, 1984) or plasto-elasticity ratio 
IMalamataris et al., 1984) have been useful developments in this 
area. The tWO approaches which are essentially identical, express the 
relative debonding and bonding contributions as the ratio of elastic 
strain recovery during decompression to strain movements occuring 
during a hOlding period at constant stress. The fundamental 
correctness of the approach may be questioned however. Strain in a 
compact held at constant stress is a creep phenomenon and may result 
from retarded elastic deformation in addition to plastic flow. Some 
workers have used the erroneous description "stress-relaxation" 
implying that the deformation was purely plastic rather than 
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viscoelastic. Strain recovery determined at some time after ejection 
from the die would also contain some element of retarded elasticity 1n 
addition to the ideally instantaneous response. The latter problem is 
largely avoided by determining elastic recovery within the die 
section 6.4 
as in 
In the present work, a modified approach was adopted to assess the 
balance of bonding and debonding deformation in the absence of 
retarded elasticity. A new plasto-elasticity ratio ERISR was defined 
where ER was the axial elastic strain recovery defined previously 
(equation 6.2) and SR was the stress-relaxation defined thus: 
(6.3) 
where PMA~ was the maximum upper punch pressure and PIOC was the 
residual upper punch pressure after 100 seconds holding time at 
constant strain. 
Values for SR and ER were determined in separate experiments and have 
been reported previously in sections 6.3.3 and 6.4. In the 
calculation of ER/SR it was implicit that the same compreSSion strain 
rate was used in the determination of both components. Table 6.19 
shows the calculated plasto-elasticity ratios for paracetamol and 
dicaicium phosphate respectively. 
Examination of the ratios revealed a number of features. The ratio was 
observed to be much smaller for dicalcium phosphate than for 
paracetamol and this was due to the smaller elastic strain recovery. 
Incorporation of a binder resulted in a reduction in the ratio. This 
was primarily due to the increased plastiCity of the granulation 
rather than a decrease in elastic strain. Increasing the plasticity 
of the polymeric binders by the incorporation of a plasticizer. or 
equilibration at the higher humidity, further reduced the 
plasto-elasticity ratios. This was also due mainly to increased 
granular plasticity rather than decreased elastic strain. In some 
cases increased binder plasticity actually resulted in an increased 
elastic strain recovery as shown in Table 6.18. This could result 
from the increased densification during compression and/or the 
reduction in elastic modulus for plasticized binders compared with 
unplasticized binders.' 
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Table 6.19 Plasto-Elasticitx Ratios (ERISR) for Paracetamol and Dicalcium 
PhosEhate Granulates 
Dicalcium phosphate Paracetamol 
22.5% RH 59.5% RH 22.5% RH 59.5% RH 
Loading 1000 100 1000 1000 100 1000 
rate mm min-
' 
Binder Plasticizer 
Level 
" 
\Jater 0.29 1. 50 0.30 1. 43 24.40 1. 48 
Sucrose 0.28 1. 66 0.28 0.97 6.34 0.72 
PVP 0 0.30 1. 09 0.24 0.52 3.04 0.46 
+ PEG 200 c:: 0.28 0.82 0.17 0.45 2.00 0.41 '-' 
+ PEG 200 10 0.23 0.62 0.16 0.42 1. 25 0.42 
+ PEG 200 15 0.23 0.44 0.12 0.37 0.75 0.35 
HP MC 0 0.26 1. 09 0.23 0.50 2.70 0.46 
+ PEG 200 10 0.26 0.86 0.19 0.40 1. 64 0.33 
+ PEG 200 20 0.25 0.63 0.18 0.21 0.65 0.27 
+ PEG 200 30 0.20 0.54 0.13 0.21 0.40 0.26 
Starch 1500 0 0.27 0.70 0.24 1. 47 3.81 0.49 
+ Glycerol 10 0.30 0.54 0.17 0.63 2.67 0.48 
+ Glycerol 20 0.22 0.58 0.17 0.45 1. 47 0.42 
+ Glycerol 30 0.20 0.45 0.14 0.35 0.98 0.35 
For granules compressed at the slower strain rate or 100mm min-
' 
the 
magnitude of plasto-elasticity indices changed significantly although 
the trend in relation to the binder plasticity remained constant. This 
was due to the marked influence of strain rate on the magnitude of 
plastic deformation as determined by stress-relaxation. Elastic 
strain. being (ideally) independent of time was relatively unarfected 
by strain rate. 
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6.6 Conclusions 
It was passible to evaluate the densification of paracetamol and 
dicalcium phosphate granulates using Heckel plots as the data 
exhibited linearity at pressures above 150MPa when plotted in this 
manner. pressures, as 
is commonly the case, and these represented granular rearrangement and 
Deviations from linearity were found at lower 
low pressure failure of the granules. The linear portion of the 
Heckel plot was considered to represent bulk plastic deformation of 
the granular mass, fracture of the primary substrate material and any 
elastic strain occuring during compression. 
Dicalcium phosphate was more resistant to consolidation than was 
paracetamol because of its higher mean yield pressure. The form of 
the Heckel plots for both substrates was independent of the duration 
of compression and there was no increase in compact density during a 
10 second holding period at maximum upper punch stress. The absence 
0: time-dependence with respect to consolidation indicated that 
fragmentation was the primary mode of deformation for both substrates. 
After ~he incorporation of a binder, granules exhibited greater 
resistance to consolidation at low pressures. This was due to binder 
mediated granule strength. Both paracetamol and dicalcium phosphate, 
massed in the absence of a binder, yielded weak granules which readily 
failed under low pressure. At higher pressures the presence of a 
binder facilitated easier consolidation. This was substantiated by a 
reduction in the mean yield pressure. The relative ease of 
consolidation of the granulates was dependent on the type of binder 
used. 
Increasing the plasticity of the polymeric binders, either by 
increased moisture sorption or by the inclusion of a plasticizer, 
resulted in increased consolidation. This was a generalised 
phenomenon which was independent of binder type or the substrate 
material. The increased consolidation resulted both from increased 
densification at low pressures (corresponding to the curved portion of 
the Heckel plot) and a decrease in the mean yield pressure 
(corresponding to an increased slope in the linear part of the Heckel 
plot). With highly plasticized binders, a paradoxical increase in 
mean yield pressure was observed. This was attributed to the extent 
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of densification occuring at lower pressures. This behaviour can be 
interpreted in terms of the influence of plasticization on the 
mechanical properties of the polymeric binder as follQW~. 
Plasticization reduces the strength of a polymeric binder resulting in 
a weaker granule which fails more readily at low pressures. 
Concurrently, plasticization decreases the apparent viscosity of 
plastic flow for the polymeric binder, facilitating easier deformation 
under compression and increasing the plastic strain per unit time. 
A significant effect of binder-mediated plasticity was the induction 
of time-dependent consolidation behaviour characterised by increased 
densification at a slower loading rate, and increased densification 
under constant compressive stress. This phenomenon was absent for 
the substrate materials granulated in the absence of any binder. The 
extent of time-dependency was quantified for a number of granulates 
using a loading rate sensitivity (LRS) parameter based on mean yield 
pressures determined at two different rates of compression. This 
parameter was small, i.e. LRS < 1 for the substrate materials 
granulated in the absence of a binder. But LRS was increased by the 
incorporation of a binder. Increased moisture sorption or the 
incorporation of a suitable plasticizer markedly increased LRS for 
binder massed-granulates. 
Stress-relaxation studies. conducted using constant strain conditions, 
indicated that granulates of paracetamol and dicalcium phosphate 
granulates exhibited a finite degree of plasticity, even In the 
absence of binder. These results contrasted with results obtained from 
Heckel plots performed at two different loading rates. Similarities in 
the Heckel constants at the two loading rates indicated that the 
denslfication of both substrates was independent of time. Similar 
stress-relaxation results were observed by Cutt (1983) for glass 
ballotini beads. Static fatigue failure was proposed as a possible 
mechanism for stress-relaxation of brittle-elastic materials and may 
explain the behaviour observed here. A further possibility was that, 
at the strain rates used for the stress-relaxation studies, 
application of stress was too rapid for rearrangement consolidation to 
be completed resulting in a dynamic resistance to consolidation. The 
observed stress-relaxation might then result from further particulate 
rearrangement, promoting closer packing during the holding period at 
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constant strain. On the basis of these results it was concluded that 
5tr~ss-relaxation techniques were generally more sensitive for the 
detection of plastic d~formation In tBbl~tting mod~ls. 
Granulation of the substrates with a binding agent increased the 
plasticity of the matrix resulting both in increased rate and extent 
of stress-relaxation. Sucrose. a brittle crystalline material, 
induced less stress-relaxation than the polymeric binders. The 
stress-relaxation of both paracetamol and dicalcium phosphate 
granulates was dependent on the plasticity of the incorporated binder 
and consequently was increased by increased moisture content and by 
incorporation of increased concentrations of a suitable plasticizer. 
The effect of compact density on subsequent stress-relaxation was 
demonstrated by the reduced relaxation of compacts compressed to a 
peak upper punch pressure of 250MPa compared with compacts compressed 
to 150MPa. Studies on pressure-volume relationships for the compacts 
indicated that compaction over the range 0 to 350MPa compression 
pressures resulted in greater densification and consequently a reduced 
porosity to accomodate further plastic flow. This was in agreement 
with results obtained for powdered polymeric binders and glass 
ballotini granulates (Cutt. 1983). Stress-relaxation, being a 
time-dependent phenomenon, was found to be highly sensitive to the 
compression strain rate. This was true for the substrates granulated 
in the absence of a binder as well as those containing a binding 
agent. At the lower strain rate (100mm min- I ) the time required to 
achieve the holding strain was much greater than at the higher strain 
rate (1000mm min-I). Plastic flow producing densification of the 
compact and coincident stress-relaxation, occured to a greater extent 
at the slower strain rate. This resulted in greater compact density 
and reduced porosity to acommodate further plastic deformation. 
The elastic strain recovery of the compressed granulates on 
decompression was observed to be determined primarily by the nature of 
the substrate material. Dicalcium phosphate granulates exhibited much 
lower elastic strain recovery than the corresponding paracetamol 
granulates. The magnitude of elastic recovery of paracetamol is well 
documented and has been implicated in the severe capping tendency of 
this material. The incorporation of a binder was associated with a 
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reduction in the elastic strain of paracetamol granulates but resulted 
in nc significant effect on dicalcium phcsphate granulates. Increased 
binder plasticity, due either to increased moisture scrptien er 
plasticizer incorporation, did not result in a 
elastic strain recovery. In many cases, 
general reduction in 
the presence of a more 
plastic binder actually increased the measured elastic recovery. This 
was possibly due to the decrease in elastic modulus observed when 
polymers are plasticized. These results were particularly interesting 
since the ability of plastic binders to reduced capping tendency has 
frequently been attributed to a reduction in the elastic strain 
recovery of the compressed material. Compressing the granules at a 
lower strain rate of 100mm min- I rather than 1000mm min- I did, 
however, result in a reduction in the observed elastic strain 
recovery. The reduction was small and no consistent trend with 
respect to plasticizer content was identified. 
In contrast to the measurement of elastic strain alone, the 
calculation of a plasto-elasticity index (ER/SR) revealed a number of 
consistent trends. Paracetamol granulates exhibited higher values for 
ER/SR than dicalcium phosphate granules due to the greater degree of 
elastic strain. Considering the tabletting chracteristics observed in 
the previous chapter, it was evident that high values for the index 
correlated with high friability and capping tendency. Increase in 
moisture sorption or the incorporation of a plasticizer in the 
polymeric binders resulted in a decrease in ER/SR. This correlates 
directly with the enhanced tablettability reported in Chapter five. 
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CHAPTER SEVEN 
GENERAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
CHAPTER SEVEN 
GENERAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
In the work described, it has been shown that the physico-mechanical 
properties of some commonly used polymeric tablet binders can be 
modified by plasticization. The deformation of granulates prepared by 
wet-massed granulation and the properties of the resultant compressed 
tablets is determined by fundamental material properties of the 
binder. 
In Chapter two, it 
so I uti ons could 
compa ti b i I i ty and 
was shown that the thermodynamics of polymer 
be applied to problems of polymer-plasticizer 
plasticizer se I ection. Two criteria for 
thermodynamic compatibility between a polymer and potential 
plasticizer were evaluated; these were solubility parameters and 
Flory-Huggins interaction parameters. Using these data, it was 
predicted that PVP would exhibit ideal compatibility with a number of 
glycols or PEGs used as potential plasticizers. In contrast, the data 
indicated the potential for phase separation between HPMC and glycols 
or PEGs. The compatibility predictions were found to be in good 
agreement with visual/tactile compatibility determinations in 
aqueous-cast polymer f i I ms. Nevertheless, limitations to the 
thermodynamic approach to polymer-plasticizer compatibility were 
observed. 
PEG 200 was identified as the optimum plasticizer (from those 
screened) for the polymers PVP and HPMC. In the former case, the 
selection was based on ideal polymer-plasticizer miscibility. In the 
latter case, the selection was based on a lower tendency to phase-
separation with PEG 200 compared with glycols or other PEGs. 
Using the solubility spectrum of Burrell, it was possible to determine 
solubility parameter values for HP MC and PVP, but not for Starch 1500. 
The crystallinity of Starch 1500 results in very poor solubility 
characteristics, even in strongly hydrogen-bonding solvents. As a 
consequence, this polymer exhibits very limited compatibility with 
potential plasticizers. 
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The lattice model for polymer dissolution, proposed independently by 
Flory and Huggins, defines the conditions for phase equilibrium and 
phase separation for binary mixtures of a polymer and solvent or 
plasticizer. The asymmetry of the theoretical polymer-solvent phase 
equilibrium diagram indicates that non-solvents for a polymer may, 
however, dissolve in the polymer to some degree. This offers a 
mechanism by which non-solvent molecules may plasticize a polymer in 
spite of limited interaction and thermodynamic incompatibility. 
An assumption implicit in both solubility parameter approach and the 
Flory-Huggins model of polymer solutions is that the heat of mixing is 
positive. This suggests that the direct measurement of heat of 
mixing, for example by microcalorimetry, may be useful in the 
evaluation of polymer- plasticizer interactions and in identifying 
potential plasticizers. 
Tensile testing and creep rheology were used to characterise the 
physico-mechanical properties of binder films and, to quantify the 
effect of potential plasticizers on the films. Since the polymeric 
binders used in this work are hydrophilic, the influence of moisture 
sorption on physico-mechanical properties was investigated. 
It was shown that the unmodified polymers differed significantly in 
their characteristic stress-strain relations. Thus, PVP was 
classified as a hard, brittle material; HP MC was classified as a hard, 
tough material and and Starch 1500 as a soft weak material. An 
increase in the moisture content of the polymers, or the inclusion of 
sufficiently compatible plasticizers resulted in changes in mechanical 
properties which were consistent with a plasticizer activity. It was 
possible to explain the observed phenomena by reference to the 
thermodynamic factors controlling polymer-plasticizer compatibility 
and, to the gel theory of plasticization. The relative plasticizing 
efficiency of different molecules could not be explained in terms of 
the relative hydrogen-bonding potential between the polymer and 
plasticizer. 
The ability of glycerol and, to a lesser extent, propylene glycol to 
plasticize Starch 1500 was unexpected considering the crystalline 
nature of starches and their consequent poor compatibility with 
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potential plasticizers. Glycerol-plasticized and unplasticized Starch 
1500 films are qualitatively identical in terms of their X-ray 
diffraction patterns. This indicates that plasticizer activity must 
reside in the amorphous content of Starch 1500. 
200 in Starch 1500 films results in 
effect. This provides further support to 
The inclusion of PEG 
an antiplasticization 
the concept that 
compatibility is prerequisite for efficient plasticization. 
Plasticization of the binder films results in changes in the shape of 
the tensile stress-strain curves, indicative of changes in the 
viscoelastic characteristics. Tensile tests performed at single 
strain rate yield little fundamental information about time-dependent 
deformation. Consequently, creep rheological methods, were employed 
to discriminate and quantify viscoelastic properties. 
In this work, an ICI microindenter was modified to enable computer 
logging of indentation depth versus time data for plasticized and 
unplasticized films of PVP, HP MC and Starch 1500. Programs were 
written to perform discrete and continuous spectral analysiS of 
creep-complian~e data. The resultant speed of analysis and the 
elimination of laborious (and potentially inaccurate) graphical 
methods greatly enhances the potential of this technique. 
Results presented in Chapter four show that hydrophilic polymeric 
binders can display a spectrum of mechanical properties, depending on 
the presence of sorbed moisture and/or plasticizer. The measured 
creep-compliance of both unplasticized and plasticized binders 
conformed to a linear viscoelastic model. Hence, it was possible to 
use discrete mechanical analysis to resolve and quantify the elastic, 
retarded elastic and plastic components of deformation. 
It was possible to determine creep curves for PVP, HPMC and Starch 
1500 films dried over phosophorous pentoxide, so minimising the 
influence of sorbed moisture. Dry, unplasticized binders exhibit high 
shear moduli and severely limited potential for time-dependent 
deformation. Although PVP and HPMC exhibit some retarded elastic 
strain, the rapid attainment of an equilibrium compliance confirms the 
absence of ductile flow. Starch 1500, in contrast, exhibits limited 
but finite plastic flow. These observations suggest that, unless the 
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stress required to initiate brittle failure is exceeded, the majority 
of binder strain occuring during the process of tablet compression 
will be elastic. The practical observation that overdried granulates 
often fail to tablet satisfactorily may reflect the predominant 
elasticity of dry polymeric binders. 
Binders containing a significant proportion of sorbed moisture or a 
plasticizer (PEG 200 in the case of PVP and HPMC and glycerol in the 
case of Starch 1500) exhibit reduced shear moduli and decreased 
(Newtonian) viscosity. Consequently, the application of stress 
produces greater elastic strain but this is associated with increased 
plastic strain per unit time. The reduction in the apparent viscosity 
provides direct quantification polymer plasticization. 
By the use of discrete mechanical analysis. it has been shown that 
binder plasticization increases the magnitude and complexity of 
retarded elastic strain. In the context of tabletting, retarded 
elastic strain phenomena are implicated in strain-induced ageing 
defects in coated tablets or the appearence of capping on storage. 
Hiestand et al. (1987) suggested that the elastic energy dissipated in 
post-compressiom strain recovery of tablets may be utilised in further 
plastic deformation. Thus, plasticizer-induced retarded elasticity in 
tablet binders may make a contribution to the strength of tablets, in 
addition to that due to piastic flow during the compression event. 
The use of continuous spectral analysis enabled creep-compliance data 
to be treated in a more fundamental manner. At low levels or 
plasticizer inclusion. continuous spectra were gualitatively similar 
in terms of peak position. although peak height was increased. This 
suggests that. at the molecular level, processes contributing to 
retardation are similar in nature. Shifts in the position-of peaks in 
the retardation spectrum, associated with higher levels ot plasticizer 
inclusion, indicate fundamental changes in the molecular process 
contributing to retardation. 
Some caution is necessary in attempting to apply the results of 
stUdies on cast binder films to the real tabletting situation. The 
duration of the creep test is many orders of magnitude longer than the 
duration of a typical compression cycle. The use of dynamic 
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rheological techniques may enable the evaluation of viscoelastic 
properties of polymers (and the influence of plasticization) over a 
time-scale similar to that of the tablet compression cycle. 
The relationship between the viscoelasticity of polymers and their 
thermal properties, discussed in Chapter four, suggests that 
investigation of thermo-mechanical properties of binders at elevated 
temperature may be of value. Temperature rises during the compression 
process are well documented (see, for example Itiola and Pilpel. 1986) 
and may modify binder properties at the moment of compression. 
An important consequence 
rheological studies on 
of plasticization, 
cast binder films, 
demonstrated by creep 
is the induction at 
time-dependency in the deformation characteristics. Consolidation 
studies at different loading rates and stress relaxation studies have 
confirmed that the time-dependent binder deformation is reflected in 
the compression properties of a granulate. Time-dependent deformation 
is not always been perceived as advantageous in tabletting, however, 
since it confers compressing rate dependency. Nevertheless, work 
presented here has demonstrated that the induction of plasticity into 
materials which are inherently brittle or elastic can be desirable, 
and may be essential. for satisfactory tabletting. 
The results of tabletting studies, presented in Chapter five. 
demonstrate that the mechanical properties or compressed tablets ~re 
determined both by the nature of the substrate and by the mechanical 
properties of the binder. Increasing binder plasticity eliminates the 
capping tendency of paracetamol and can result in tablets of greater 
tensile strength. However, an optimum level of binder plasticity 
exists, above which, the tensile strength of the tablets is reduced. A 
consistent reduction in tablet strength with increased binder 
plasticity was observed for dicalcium phosphate. It is deduced from 
these observations that, in the absence of debonding elastic strain 
recovery, binder strength contributes directly to tablet strength. In 
(he breakage of a tablet. failure may occur at the binder-substrate 
interface or within the binder film. Studies to differentiate 
adhesive and cohesive failure may contribute to a better understanding 
of the role of binders in determining tablet strength. 
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The reduction in tablet friability, induced by binder plastici=ation, 
occured irrespective of the substrate material or the effect on tablet 
strength. No correlation was found between the friability of tablets 
and the work required to cause diametral breakage. However, the data 
suggests resistance to impact attrition is determined by the strength 
and/or the rigidity or stiffness of tablets. Binder plasticization 
appears to induce a transition, from brittle elasticity, to more 
rubbery elasticity in compressed tablets. This correlates with 
plasticizer-induced conversion of polymeric binders from brittle 
glasses to ductile plastics of low modulus. 
Ideally a ductile control substrate should have been included in this 
work. In fact, some studies were carried out using a microcrystalline 
cellulose (Avicel PH10l, FMC Corp.) since this satisfied the selection 
criteria of ductile deformation and low aqueous solubility. Initial 
granulation studies indicated, however, that the deformation mode of 
microcrystalline cellulose was influenced significantly by the 
granulating fluid. Thus, although the unmassed substrate could be 
classified as dU8tile, after wet-massed granulation (in the absence of 
a binder) the resulting granul~s were highly elastic and did not form 
tablets. This behaviour has been confirmed by other workers 
(Staniforth et al., 1988). Other materials which exhibit ductile 
deformation, such as sodium chloride, were considered to be too 
water-soluble for use in the present work. Lead shot, however, might 
prove to be a suitable control for future studies. 
Results presented in Chapter six demonstrate that the consolidation 
and plasticity of granulates is related directly to the plasticity of 
the binder. This behaviour has been interpreted in terms of the 
mechanical and rheological properties of the corresponding free binder 
film. The incorporation of a plasticizer or the sorption of moisture 
results in a decrease in the tensile strength of hydrophilic polymeric 
binders as observed in Chapter three. This results in greater 
granular consolidation at low compaction pressures, as a result of 
granule weakening. At higher compaction pressures, the plasticized 
binder facilites easier deformation of granules into remaining voids. 
The binder itself can deform plastically to relieve stress at points 
of contact with the granule substrate or the compression tooling. 
This is analogous to the extrusion of binder into small voids. 
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Stress-relaxation provides a direct measurement of the plastic 
deformation of a compressed granulate. Data presented in this work 
shows that stress-relaxation of a granulate depends not only on the 
fundamental material properties but also on the compression history. 
Consequently, the determination of stress-relaxation without 
consideration of the deformation during the 
compression, may give a 
characteristics of the material. 
misleading view 
The inability 
loading 
of the 
phase of 
deformation 
of stress-relaxation 
to quantify plastic flow during the finite period of loading to 
maximum stress is a major limitation or the technique. The 
determination of maximum stress generated. by the compression of 
granulates to a constant strain, might characterise plastic 
deformation during the initial phase of compression. 
The increase in rate and extent of stress-relaxation, which occurs 
with increasing binder plasticity, correlates with the decrease in the 
viscosity of the corresponding free binder film. The relationship 
between binder plasticity and granule deformation appears to be a 
mechanical phenomenon which is independent of binder type or substrate 
material. 
It was shown that a plasto-elasticity index (ERISR) can be used to 
characterise the relative bonding and debonding deformations occuring 
during the compression and decompression of a tablet. Comparison of 
ERISR indices with the tablet properties reported in Chapter five 
shows that high values correlate with high friability and capping 
tendency. Conversely, low values for ERISR correlate with good 
tablettability. Plasticization of the polymeric tablet binders 
results in a decrease in the index, favouring the persistance of 
bonding. ERISR does not provide a universal index of tablettability, 
however. since. the magnitude of the index is greatly influenced by the 
experimental conditions under which stress-relaxation and. to a lesser 
extent, strain recovery are measured. thus, when comparing different 
materials in this manner it is essential that identical test 
conditions are used. 
The ability of plasticized binders to eliminate the capping tendency 
of paracetamol is not associated with significant reduction of elastic 
strain recovery. The reduction in binder elastic modulus resulting 
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from plasticization may, in fact, predispose the compressed granulate 
to greater elastic strain. It is deduced from these observations that 
plastic binders facilitate elastic strain recovery without 
catastrophic debonding. This can occur if the binder is sufficiently 
plastic to "give", i.e. translate elastic strain recovery into further 
plastic or vicoeIastic deformation, hence maintaining or generating 
true area of contact. This concept is represented in Fig. 7.1. 
Figure 7.1 Model Behaviour of Plastic Binders in Compression 
Ideal Elastic Spheres 
Ideal Elastic Spheres 
In Compression 
Ideal Elastic Spheres 
In Decompression 
Ideal Elastic Spheres 
Surface Coated with a Plastic 00 
Ideal Elastic Spheres 
Surface Coated with a Plastic 
In Compression 
Ideal Elastic Spheres 
Surface Coated with a Plastic ~ 
In Decompression -
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The model represented by Fig. 7.1 considers the compression-
decompression response of two pairs of brittle-elastic spheres, one 
pair being coated with a plastic polymer. For the uncoated spheres, 
the bonding area generated during compression is destroyed on 
decompression as the spheres regain their original conformation. This 
is analogous to the processes of capping or lamination. In contrast, 
although the polymer coated spheres regain their original 
configuration, deformation of the polymer coating maintains bonding 
area and prevents separation. In this case, the force required to 
cause separation after decompression (analogous to the tensile 
strength of a tablet) depends on adhesion between sphere and polymer 
or cchesion within the polymer film, whichever is the weakest. A 
critical degree of binder ductility will be required to prevent 
separation by brittle failure (of the binder film) on decompression. 
Binder plasticization beyond this limit reduces the strength of the 
binder film and, 20nsequently, the strength of the interparticulate 
bond. The resistance of tablets to impact attrition is dependent on 
their ability to withstand impact shock without breakage. It has been 
shown that this is a function of tablet strength and stiffness. This 
can be modelled in terms of the strength and elastic modulus of the 
polymer coating the spheres in Fig. 7.1. Thus, although binder 
plasticization may reduce tablet strength it also confers rubbery-type 
impact resistance due to the reduced elastic modulus of the binder 
film. 
Thus, the model proposed in Fig. 7.1 satisfactorily accounts for 
- the ability of plasticized binders to eliminate capping 
and existance of an optimum degree of binder plasticity 
- the decrease in tablet strength which occurs with binder 
plasticization 
- the increased resistance to impact attrition (reduced 
friability) induced by binder plasticization 
Data presented in this thesis indicates that, while water does not 
comform to traditional definitions of a plasticizer, it induces 
plasticity in some hydrophilic binders. Compression effects which 
have been attributed to the presence of moisture in a granulate, 
particularly the moisture sensitive compression characteristic of some 
granulates, probably result from binder plasticization. It is clear, 
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therefore, that water must be regarded 
circumstance. Accordingly, binder plasticity 
as a plasticizer in this 
should be considered as 
a factor when establishing moisture specifications for granulates. 
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